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RÉSUMÉ 
Depuis le début du XXe siècle, la production de bétons secs représente une industrie importante 
pour le développement des infrastructures en bétons compactés au rouleau notamment pour la 
construction de barrages, de digues, de pavages, et les bétons moulés à sec pour la préfabrication 
de blocs de maçonnerie, de briques, de pierres de pavé, etc. La durabilité de celles-ci peut être 
améliorée en réduisant leur consommation de ciment Portland et de granulats naturels en utili-
sant, respectivement, des ajouts cimentaires et des matériaux granulaires alternatifs. D’ailleurs, 
beaucoup de sous-produits industriels et autres ajouts cimentaires alternatifs ne respectant pas 
les exigences pour le béton conventionnel ont été utilisés avec succès dans ce type de béton.  
Les cendres de biomasse sont des sous-produits prometteurs pour les applications de bétons 
secs. Ces cendres sont obtenues dans une centrale de cogénération de l’industrie des pâtes et 
papiers suite à la combustion de leurs boues de traitement des eaux usées, de leurs boues de 
désencrage, et autres résidus de bois. Les cendres volantes de biomasse (CVB) ont une finesse 
similaire à celle du ciment et elles possèdent aussi un potentiel de réactivité pouzzolanique. 
Elles peuvent donc remplacer une partie du ciment utilisé dans la formulation de bétons. Les 
cendres grossières de biomasse (CGB) ont une granulométrie voisine de celle d’un sable fin. 
Elles peuvent donc être valorisées en remplaçant une partie des granulats naturels utilisés dans 
les formulations de bétons. Bien que les propriétés physico-chimiques et les interactions cimen-
taires de celles-ci soient étudiées depuis le début des années 2000, très peu d’applications com-
merciales ou industrielles ont été développées.  
Ce projet de recherche vise l’étude et l'optimisation des CVB comme ajout cimentaire alternatif 
et des CGB comme granulats fins alternatifs dans la production de bétons compactés au rouleau 
(BCR) et à la paveuse (BCP) pour des applications de pavages industriels et dans la production 
de bétons moulés à sec (BMS) pour des applications de préfabrication de pierres de pavé. Pour 
chacune de ces applications, des formulations incorporant un taux de substitution jusqu'à 30% 
du ciment par des cendres volantes et jusqu’à 100% du sable par des cendres grossières ont été 
réalisées. Ces travaux d’optimisation ont été effectués avec des bétons à rapport eau-liant de 
0,32, 0,35 et 0,37. Les propriétés à l’état frais (maniabilité et consistance), à l’état durci (résis-
tance à la compression, à la flexion et à la traction), et de durabilités (absorption à l’eau, vides 
perméables et résistivité électrique) jusqu'à 91 jours ont été mesurées pour tous les mélanges de 
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béton. Le rapport eau-liant, la teneur en pâte et les taux de remplacement optimaux ont égale-
ment été combinés et optimisés afin de valoriser un maximum de cendres de biomasse, volantes 
et grossières, dans une seule formulation.  
Les résultats des mélanges de BCR fabriqués en laboratoire avec 10% et 20% de CVB et com-
binés à 50% de CGB ont respectivement montré des maniabilités désirées et des résistances à la 
flexion supérieures aux limites prescrites par les devis techniques pour une utilisation pratique 
de 23% et 29%. Ces deux mélanges donc ont été sélectionnés pour évaluer leur comportement 
in situ à l’aide de la construction d'une dalle de stockage de 792 m² par 300 mm d'épaisseur à 
l'aide de pratiques courantes. Des carottes ont été prélevées dans la dalle à 28 et 308 jours. La 
résistance à la compression des noyaux à l'âge de 308 jours a atteint 33 et 30 MPa pour les deux 
mélanges testés, respectivement. 
Les BMS fabriqués avec 5%, 10%, ou 15% CVB et 25% de CGB peuvent atteindre un indice 
de compaction de 99% avec un travail de compaction inférieur à celui spécifié par les fabricants 
de pierre de pavés. L'utilisation des CVB et CGB entraîne une faible diminution de la résistance 
à la compression, mais présente des valeurs de perméabilité et d’absorption à l’eau très faibles 
et inférieures aux exigences requises les normes (près de 5%). 
Ces travaux de recherche présentent un débouché potentiel à la valorisation des cendres volantes 
et grossières de biomasse issues de l’industrie des pâtes et papiers dans les bétons secs comme 
ajout cimentaires ou granulats fins. Cette approche peut offrir une contribution significative 
pour la réduction des émissions de gaz à effet de serre associés à la production de ce type de 
béton et dans les gestions des matières résiduelles de l’industrie des pâtes et papiers.  
Mots-clés : Bétons compactés au rouleau ; Bétons moulés à sec ; Cendres grossières de bio-
masse ; Cendres volantes de biomasse 
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Abstract 
Since the early twentieth century, the production of dry concrete is an important industry for 
infrastructure development including the construction of dams, core dikes, and pavements using 
roller-compacted concrete, and precast masonry blocks, bricks, pavers using dry-cast concrete. 
The sustainability thereof can be improved by reducing its consumption of Portland cement and 
natural aggregates using cementitious supplementary cementitious materials and alternative 
granular materials, respectively. Moreover, many industrial by-products and other mineral ad-
ditions not meeting the requirements for conventional concrete have been successfully used in 
such concrete. 
The biomass ashes are promising supplementary materials for dry concrete applications. These 
ashes are produced in a cogeneration plant of the pulp and paper industry following the burning 
of their wastewater treatment sludge, their de-inking sludge, and other wood residues. The bio-
mass fly ash (BFA) have a similar finesse in the cement and they also have a potential pozzolanic 
reactivity. They may therefore replace part of the cement used in concrete formulations. The 
biomass bottom ashes (BBA) have a particle size close to that of a fine sand. They can be use 
to replace a portion of the natural aggregates. Although the physicochemical properties and in-
teractions with cement have been studied since the early 2000s, very few commercial or indus-
trial applications have been developed. 
This research project aims at studying and optimizing the BFA content as an alternative supple-
mentary cementitious materials and the BBA content as an alternative fine aggregates in the 
production of roller-(RCC) and paver-compacted concrete (PCC) for industrial pavements and 
dry-cast concrete (DCC) for the manufacture of pavers. Formulations incorporating substitution 
rates of cement up to 30% by BFA and of the sand up to 100% by BBA were evaluated for each 
of the mentioned applications. This optimization work was carried out with concrete water-to-
binder ratio (w/b) of 0.32, 0.35 and 0.37. The fresh properties (workability and compactness), 
hardened properties (compressive strength, flexural strength and splitting-tensile strength) and 
transport properties (water absorption, permeable voids and electrical resistivity) up to 91 days 
were measured for all concrete mixtures. The optimal w/b, paste content and replacement rates 
were also combined and optimized in order to maximize the biomass fly and bottom ashes con-
tent, in a single formulation. 
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The results of concrete mixtures made with 10% and 20% BFA with 50% BBA showed 23% 
and 29% higher flexural strength than the limits required for practical use of RCC, respectively. 
These two RCC mixtures were selected for the assessment of in situ behaviors through the con-
struction of a storage slab of 792 m² per 300 mm thick using standard practices. Core samples 
were cut from the slabs at age of 28 and 308 days for follow-up of the concrete behavior with 
time. The compressive strength of the cores at an age of 308 days reached 33 and 30 MPa for 
the two tested mixtures, respectively. 
The DCC mixtures made with 5%, 10%, or 15% BFA and 25% of BBA can reach a compactness 
index of 99% with a compaction work lower than specified by the Standards. The use of the 
BFA and BBA lead to small decrease of the compressive strength, however they can result in 
very low permeability and water absorption values lower than required by the specifications 
(close to 5%). 
This research presents a potential market for recycling biomass fly and bottom ashes from the 
pulp and paper industry in dry concrete as alternative supplementary cementitious materials or 
fine aggregates. This approach can provide a significant contribution to reduce greenhouse gas 
emissions associated with the production of this type of concrete and with the managements of 
by-products from the pulp and paper industry. 
 
Keywords: Biomass bottom ash; Biomass fly ash; Dry-cast concrete; Fieldwork; Laboratory 
optimization; Roller compacted concrete 
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convient donc de reconsidérer les méthodes d'exploitation, de production, d'utilisation et de va-
lorisation des différents secteurs économiques à la lumière de ce développement durable. Les 
secteurs des pâtes et papiers et des cimenteries-bétonnières sont notamment sujets à ces trans-
formations et font l’objet de ce rapport.  
1.1.1 Les cendres de biomasse de l’industrie des pâtes et papiers : le cas de Kru-
ger Inc. 
Depuis 2007, l'usine de pâtes et papiers de la société Kruger Inc. de Bromptonville est dotée 
d'une centrale de cogénération de 23 MW. Celle-ci comprend une chaudière pour brûler les 
boues primaires et secondaires provenant des eaux usées de l'usine, les boues de désencrage 
provenant du traitement chimique pour enlever l'encre du papier avant le recyclage, les écorces 
et autres résidus du bois. La combustion de ce type de résidu est la méthode de valorisation la 
plus répandue afin de réduire l'ampleur des sites d'enfouissement, de réduire la consommation 
de combustibles fossiles et d'améliorer la qualité de l'air [Monte et al., 2009]. La combustion de 
ces déchets active une turbine à vapeur qui génère de l'électricité tandis que la chaleur récupérée 
est utilisée comme source de chauffage de l’usine et de certains procédés. Il s'agit d'une produc-
tion d'énergie verte qui contribue de façon significative au développement durable de la pape-
tière par la diminution de l'ordre de 83 000 tonnes annuelles des émissions de GES. De plus, 
l'utilisation de leurs déchets comme combustibles permet de réduire la quantité de boues de 
papetière destinées à l'enfouissement de l'ordre de 600 tonnes sèches par jour et de réduire leur 
consommation de combustibles fossiles de 30 millions de litres par an [Kruger Énergie inc., 
2014]. La teneur en matières organiques de leurs combustibles alternatifs représente environ 5% 
pour le bois, 15% pour les boues primaires et secondaires et 40% pour les boues de désencrage 
de sorte que la combustion de cette biomasse génère une quantité importante de cendres, d'où 
l'appellation de celle-ci : cendres de biomasse. Or, malgré la réduction du volume total de dé-
chets suite à leur valorisation en combustibles, près de 50 000 tonnes par année de cendres sont 
générées par ce processus. Bien qu’une faible partie soit recyclée dans la stabilisation de sols en 
raison de ses composés à base de chaux, la majorité de celles-ci doit être enfouie sans valeur 
ajoutée. Ce nouveau sous-produit entraine des coûts de manutention et d’entreposage ainsi que 
des impacts environnementaux importants.  
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Depuis les années 2000, beaucoup d’études à travers le monde ont démontré le potentiel de 
valorisation des cendres de biomasse de l’industrie des pâtes et papiers dans des applications de 
bétons, ce qui démontre l’intérêt et la nécessité de mettre à jour des voies de valorisation pour 
ces sous-produits [Pera et Amrouz, 1998 ; Pera et Am-Broise, 1999 ; Pera et Ambroise, 2000 ; 
Kinuthia et al., 2001 ; Bai, 2003 ; Chahidi-Elouazzani, 2005 ; Mozaffari et al., 2009 ; Xie, 2009 
; Roby, 2011 ; Gluth et al., 2014 ; Davidenko, 2015]. Toutefois, aucune étude n’a mis l'accent 
sur la valorisation des CGB comme sable alternatif. 
Par ailleurs, depuis les années 70, l'industrie des pâtes et papiers est l’un des principaux don-
neurs d’ouvrage de BCR en raison de ses grandes aires d’entreposage et de ses chemins fores-
tiers sur lequel de l'équipement spécialisé, volumineux et lourd opère [Reid et Marchand, 1997]. 
Par conséquent, la valorisation de ses propres sous-produits (CVB et CGB) comme matériaux 
de construction lors de la mise en place de ses infrastructures est une approche prometteuse à 
l’égard de considérations socio-économiques et environnementales. Par conséquent, la compa-
gnie Kruger Inc. a mandaté l’Université de Sherbrooke afin d’optimiser les teneurs de CVB et 
de CGB dans les formulations de BCR, BCP et de BMS. Ces types de béton sont des options 
intéressantes pour la valorisation de CVB et CGB puisque les résistances de ceux-ci ne sont pas 
la principale préoccupation et qu’il s’agit de bétons non armés [Pacheco-Torgal et al., 2014]. 
D’ailleurs, beaucoup de sous-produits industriels et autres matériaux cimentaires alternatifs ne 
respectant pas les exigences canadiennes pour un béton conventionnel ont été utilisés avec suc-
cès dans ces types de béton [Malhotra, 1994 ; Anang et al., 2011 ; Chidiac et Mihaljevic, 2011 
; Faubert, 2012 ; Kulkarni et al., 2013]. L’utilisation de ce type de matériaux dans les mélanges 
de bétons secs peut aider à obtenir une compacité optimale et à densifier leur matrice cimentaire 
en générant un gel C-S-H plus dense suite à une réaction pouzzolanique. En outre, cela permet 
d’améliorer les résistances mécaniques et les propriétés de durabilité [Marchand et al., 1996 ; 
Atis, 2005]. 
1.2 Objectifs du projet de recherche 
Afin d’étudier le potentiel d’utilisation des CVB et des CGB dans les bétons secs, le projet de 
recherche se divise en deux axes spécifiques portant sur l’étude des BCR et des BCP en labora-
toire et in situ (Axe 1) et l’étude des bétons moulés à sec en laboratoire (Axe 2). Les objectifs 
spécifiques de ces deux axes sont les suivants : 
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1.2.1 Axe 1 : Bétons compactés au rouleau et à la paveuse 
 Évaluer l’influence de l’utilisation des CVB comme ACA et des CGB comme granulats 
fins alternatifs dans les formulations de BCR et BCP selon la maniabilité (temps Vebe), 
la masse volumique, la résistance à la compression et à la flexion, la résistivité électrique, 
l’absorption à l’eau et les vides perméables des mélanges. 
 Optimiser les formulations de BCR et BCP contenant des CVB et CGB (rapport E/L, de 
la teneur en pâte, de la structure granulaire) afin d’améliorer leurs performances glo-
bales.  
 Étudier le comportement in situ à court et long terme d’une dalle en BCR incorporant 
des teneurs optimales de CVB et de CGB. 
1.2.2 Axe 2 : Bétons moulés à sec en laboratoire 
 Évaluer l’influence de l’utilisation des CVB comme ACA et des CGB comme granulats 
fins alternatifs dans les formulations de bétons moulés à sec en laboratoire selon la com-
pacité (indice de compaction en fonction du travail de compaction), la résistance à la 
compression et à la traction par fendage, la résistivité électrique, l’absorption à l’eau les 
vides perméables et la coloration des mélanges. 
 Optimiser les formulations des BMS contenant des CVB et CGB en fonction du rapport 
E/L et de la structure granulaire afin d’améliorer leurs performances globales  
1.3 Plan du document 
Ce mémoire est réalisé sous la forme d’une mémoire par article. Il est divisé en six chapitres, 
dont trois (chapitre 3, 4 et 5) sont des articles scientifiques acceptés ou soumis dans des revues 
avec comité de lecture.  
Le chapitre 1 introduit la signification du projet de recherche dans le cadre du développement 
durable de l’industrie des pâtes et papiers, en particulier pour la compagnie Kruger Inc. De plus, 
il définit la problématique et les objectifs spécifiques du projet de recherche.  
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Le chapitre 2 présente une revue de littérature pour la compréhension des chapitres subséquents. 
Il traite d’abord de la réaction d’hydratation du ciment et des réactions hydraulique et pouzzo-
lanique des ajouts cimentaires. Par la suite, il traite des ajouts cimentaires normalisés et alterna-
tifs, incluant leur classification et leurs caractéristiques physico-chimiques. Ce chapitre détaille 
également les procédés de production des cendres de biomasse et les recherches réalisées depuis 
les années 2000 sur la valorisation de ces cendres dans les matériaux cimentaires. Pour finir, 
une revue détaillée des caractéristiques des bétons secs y est présentée.  
Le chapitre 3 est un article accepté dans la revue « Journal of Materials in Civil Engineering » 
de « American Society of Civil Engineers (ASCE) ». Ce dernier présente les travaux d'optimisa-
tion en laboratoire des teneurs de CVB utilisées en remplacement partiel du ciment (jusqu'à 
30%) et l'optimisation des teneurs des CGB utilisées en remplacement partiel et total des gra-
nulats fins dans des mélanges de BCR et de BCP. Les résultats démontrent la faisabilité d’utili-
ser des quantités importantes de CVB et CGB dans les BCR et BCP, tout en définissant leurs 
limites pour une utilisation optimale.  
Le chapitre 4 est un article soumis dans la revue « Journal of Materials in Civil Engineering » 
de « American Society of Civil Engineers (ASCE) ». Il présente l’étude du comportement en 
laboratoire et in situ de deux mélanges de BCR incorporant 10 et 20% de CVB et 50% de CGB 
à l’aide de la construction d’une dalle d’entreposage de 792 m² et de 0,3 m d’épaisseur en utili-
sant les pratiques courantes. L’analyse des performances inclut, entre autres, la maniabilité, pro-
priétés mécaniques, durabilité et une caractérisation microstructurale. Ce chapitre permet une 
l’utilisation rationnelle et optimale des CVB et des CGB pour la production de BCR pour des 
pavages industriels. 
Le chapitre 5 est un article soumis dans la revue « Construction and Building Materials » de « 
Elsevier » qui présente les travaux d'optimisation en laboratoire des teneurs de CVB en rempla-
cement du ciment et des teneurs de CGB en replacement des granulats fins dans la production 
de bétons moulés à sec pour des applications de pierres de pavé. Il présente une approche origi-
nale pour mesurer la maniabilité des bétons secs frais à l’aide d’un compacteur à cisaillement 
giratoire en se basant sur un indice de compacité et l’énergie totale de compactage. Ce chapitre 
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démontre l’influence des deux types de cendres sur l’énergie de compactage, les propriétés mé-
caniques, et certaines composantes de durabilité des bétons testés ainsi que la faisabilité de la 
valorisation des CVB et des CGB dans les bétons secs. 
Finalement, le chapitre 6 présente les conclusions de ce projet de recherche et résume les effets 
répertoriés des CVB et CGB lorsqu’elles sont utilisées dans les formulations de bétons compac-
tés au rouleau et à la paveuse, et les bétons moulés à sec. Il présente également la signification 
de ces travaux à l’égard du développement durable de l’industrie des pâtes et papiers, et quelques 
pistes de recherche futures. 
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CHAPITRE 2 REVUE DE LITTÉRATURE 
2.1 Hydratation du ciment Portland et des ajouts cimentaires 
Le ciment Portland est défini par la norme ASTM C219 comme étant un ciment hydraulique 
produit en pulvérisant le clinker, essentiellement constitué de silicates de calcium cristallins 
hydrauliques et, habituellement, contenant également un ou plusieurs des éléments suivants : 
l'eau, le sulfate de calcium, jusqu'à 5% de chaux et autres ajouts mineurs. Lorsqu’il entre en 
contact avec de l’eau, les phases minérales hydrauliques principales, comme le silicate tricalcite 
(C3S) et bicalcique (C2S), l’aluminate tricalcique (C3A) et le ferroaluminate tétracalcique 
(C4AF), débutent leur hydratation pour produire un gel solide de silicate de calcium (C-S-H), 
d’hydroxyde de calcium (Ca(OH)2), de sulfoaluminate de calcium (ettringite) et de chaleur tel 
que résumer à l'Équation 2.1 [Aïtcin, 2011] :  
 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃𝑃𝑃𝐶𝐶𝑃𝑃 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝐶𝐶𝐻𝐻 + 𝐶𝐶𝑃𝑃(𝑂𝑂𝐻𝐻)2 + 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶ℎ𝑃𝑃𝑃𝑃𝐶𝐶𝑎𝑎𝑃𝑃  
 
Les cristaux d’hydroxyde de chaux, ou portlandite, formés dans la matrice cimentaire sont po-
reux et perméables avec des performances mécaniques faibles. Par conséquent, leur présence en 
grande quantité entraîne des problèmes de durabilité des ouvrages en béton. Certains matériaux, 
naturels ou fabriqués, contenant de la silice amorphe (SiO2) et une finesse Blaine apparente ou 
supérieure à celle du ciment Portland ont la capacité de consommer cet hydroxyde de calcium 
et produire davantage de gel solide de CSH comme démontré à l’Équation 2.2.  
 
𝐶𝐶𝐶𝐶𝑃𝑃𝐶𝐶𝑆𝑆𝐶𝐶 𝑃𝑃é𝑃𝑃𝑆𝑆𝐶𝐶𝐶𝐶𝑎𝑎𝐶𝐶 (𝐶𝐶𝐶𝐶𝑂𝑂2) + 𝐶𝐶𝑃𝑃(𝑂𝑂𝐻𝐻)2 → 𝐶𝐶𝐶𝐶𝐻𝐻 
 
Ces matériaux, nommés ajouts cimentaires ou pouzzolanes et responsables de la réaction pouz-
zolanique, sont incorporés dans le béton en remplacement partiel du ciment. Selon la norme 
ASTM C219, les ajouts cimentaires pouzzolaniques sont des matériaux siliceux ou aluminosi-
liceux qui possèdent peu ou pas de propriétés cimentaires, mais qui, lorsqu'ils sont finement 
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divisés, réagissent avec la chaux en présence d'eau pour former des composés possédant des 
propriétés cimentaires. Pour que les réactions pouzzolaniques puissent avoir lieu, il est néces-
saire que les ajouts cimentaires possèdent une structure minéralogique particulièrement 
amorphe. Elles doivent donc avoir une énergie potentielle interne supérieure à celle de son état 
normal et/ou des défauts de leur réseau cristallin. Par exemple, un composé amorphe, où le 
réseau cristallin est fortement défectueux, est plus riche en énergie interne et réagit plus facile-
ment qu'un composé de même composition chimique à structure cristalline bien ordonnée (SiO2 
amorphe versus SiO2 cristallisée sous forme de quartz). À température ordinaire, cette réaction 
est lente puisqu'elle dépend de la production de l'hydroxyde de calcium de l'équation 1.1. Ainsi, 
les résistances en compression et l'imperméabilité d'un béton avec ajouts augmentent plus len-
tement qu'un béton sans ajout et de formulation équivalente [Siddique, 2003]. De plus, la ciné-
tique de réaction pouzzolanique dépend étroitement des caractéristiques intrinsèques des ajouts 
minéraux : leur finesse, leur teneur en silice amorphe et de la température ambiante [Aïtcin, 
2011]. Le temps est également un facteur non négligeable dans la réaction pouzzolanique. 
Certains ajouts cimentaires durcissent lorsqu’ils entrent en contact avec l’eau, à la manière du 
ciment. Ces matériaux sont nommés ajouts cimentaires hydrauliques. La norme ASTM C219 
définit ce type d’ajout comme étant un matériau inorganique qui développe des résistances mé-
caniques par réaction chimique avec l'eau par formation d'hydrates et qui est capable de le faire 
sous l'eau. Ceux-ci contiennent suffisamment de chaux (CaO) et de silice (SiO2) pour former à 
eux seuls un gel solide de CSH. Certains ajouts cimentaires peuvent être à la fois pouzzolaniques 
et hydrauliques.  
Par ailleurs, les ajouts cimentaires agissent également physiquement par densification de la mi-
crostructure des bétons, ou « effet de remplissage ». Les particules fines des ajouts s'introduisent 
dans les micropores de la matrice cimentaire et permettent de réduire la distance d'enchevêtre-
ment des produits d'hydratation. De plus, la forme sphérique de certains ajouts permet d'amé-
liorer les propriétés à l’état frais des bétons et de réduire le rapport eau-liant pour un affaisse-
ment donné (Figure 2.1). Cela se traduit par l'amélioration générale de leurs caractéristiques : 
diminution de leur perméabilité et de leur porosité et augmentation des résistances mécaniques 
par l'amélioration du lien adhésif entre la pâte de ciment et les granulats.  
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Atis (2005) avance un dernier effet des ajouts cimentaires limité aux bétons secs.  Il s’agit d’une 
meilleure distribution de l'eau pendant le mélange et une meilleure répartition spatiale des hy-
drates. L'addition dans les mélanges de fines particules sphériques, telles que les cendres vo-
lantes (Figure 2.1), réduit le frottement intergranulaire de la pâte et permet d'obtenir une distri-
bution plus uniforme de l'eau et de la pâte. C'est sans doute pourquoi les mélanges des BCR 
contenant des cendres volantes ou de la fumée de silice se sont révélés être plus homogènes que 
les mélanges sans ajouts minéraux [Atis, 2005 ; Marchand et al., 1996] 
 
Figure 2.1: Particules sphériques de cendres volantes de charbon 
2.2 Les ajouts cimentaires normalisés 
Plusieurs industries valorisent leurs sous-produits de diverses manières, notamment comme 
ajouts cimentaires. Comme décrit précédemment, ces sous-produits peuvent être incorporés 
dans le béton en remplacement partiel du ciment afin de réduire la chaleur d’hydratation, amé-
liorer leur maniabilité, augmenter leurs performances mécaniques et de durabilité grâce à leurs 
activités hydrauliques et/ou pouzzolaniques [Siddique et Khan, 2011]. Quelques exemples ty-
piques sont les cendres volantes produites par les centrales thermiques au charbon, la fumée de 
silice produite par les usines de ferrosilicium et le laitier de haut fourneau généré par les indus-
tries de sidérurgies. 
Bien que les premières normes canadiennes visant les liants hydrauliques remontent à 1922, ce 
n'est qu'en 1998 que les premières normes canadiennes régissant les ajouts cimentaires ont vu 
le jour grâce au compendium des normes CSA A3000-13. Dès lors, différentes catégories ont 
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été établies afin de simplifier leur classification ainsi que leur utilisation : la fumée de silice 
(FS), les cendres volantes (CV), les pouzzolanes naturelles (N) et les laitiers (L) tel que présenté 
au Tableau 2.1. 
Tableau 2.1: Abréviation des ajouts cimentaires selon CSA A3001-13 
Type Nom 
N Pouzzolanes naturelles 
CV-F Cendres volantes contenant peu d'oxyde de calcium (CaO) 
CV-CL Cendres volantes contenant moyennement d'oxyde de calcium (CaO) 
CV-CH Cendres volantes contenant beaucoup d'oxyde de calcium (CaO) 
SF Fumée de silice contenant beaucoup de dioxyde de silice (SiO2) 
SFI Fumée de silice contenant moyennement de dioxyde de silice (SiO2) 
L Laitier de haut fourneau 
 
Ces catégories varient l'une de l'autre en fonction des caractéristiques chimiques et physiques 
des matériaux pouzzolaniques et hydrauliques. Ces caractéristiques distinctives sont présentées 
au Tableau 2.2 et au Tableau 2.3 respectivement. On y remarque que les cendres volantes sont 
différenciées selon trois teneurs en chaux (CaO) tandis que la fumée de silice est classée en 
fonction de la teneur en silice (SiO2). Outre ces caractéristiques, d'autres exigences concernant 
les propriétés et performances des mortiers et des bétons incorporant des ajouts cimentaires sont 
prescrites dans le compendium CSA A3001-13. 
 
Tableau 2.2: Exigences chimiques pour les ajouts cimentaires normalisés selon la norme 
CSA A3001-13 
Propriétés N CVF CV-CI CV-CH L FS FS I 
CaO (%) - ≤15 
>15-
≤20 
>20 - - - 
SO3 (%max) 3,0 5,0 5,0 5,0 4,0 1,0 1,0 
S (%max) - -  - 2,5 - - 
PAF (%max) 10,0 8,0 6,0 6,0 - 10,0 10,0 
SiO2 (%max) - - - - - 85,0 75,0 
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2.3 Les ajouts cimentaires alternatifs 
Outre les matériaux rencontrant toutes les exigences chimiques et physiques énumérées précé-
demment pour une utilisation normalisée dans les bétons, d’autres matériaux peuvent être ajou-
tés au béton pour lui conférer des propriétés pouzzolaniques ou hydrauliques, même s’ils ne 
rencontrent pas totalement les exigences montrées aux Tableau 2.2 et Tableau 2.3. Les laitiers 
d’acier, les cendres de foyer, cendres de biomasse ou autres cendres, les fumées de silice conte-
nant moins de 75% de SiO2 et autres sous-produits contenant de la silice amorphe peuvent être 
considérés comme ajouts cimentaires alternatifs. Selon la méthode normalisée CSA A3004.E1, 
les autres ajouts cimentaires sont des constituants inorganiques qui présentent des propriétés 
pouzzolaniques ou hydrauliques, ou les deux, et qui améliorent la résistance ou les autres carac-
téristiques du béton. L’utilisation de ceux-ci dans les bétons demeure un excellent procédé de 
valorisation même s’ils sont généralement moins disponibles à grande échelle, moins robuste 
et, par le fait même, moins étudiés. Ainsi, la méthode normalisée CSA A3004.E1 prescrit les 
exigences chimiques (teneur maximale en SO3) et physiques, de même que le programme de 
mise à l’essai à respecter pour que le matériau soit défini comme un ajout cimentaire alternatif. 
2.4  Les cendres de biomasse de l’industrie des pâtes et papiers 
2.4.1 Cogénération de la biomasse : le cas de Kruger Inc. 
Depuis 2007, l'usine de pâtes et papiers de la société Kruger Inc. de Bromptonville est dotée 
d'une centrale de cogénération de 23 MW. Celle-ci comprend une chaudière pour brûler les 
boues primaires et secondaires provenant des eaux usées de l'usine, les boues de désencrage 
provenant du traitement chimique pour enlever l'encre du papier avant le recyclage, les écorces 
et autres résidus du bois. Ces boues contiennent entre autres de l'argile de kaolin, des carbonates 
de calcium, du talc, des dioxines de titane et des fibres de cellulose. Une partie de ces boues une 
fois séchées est réutilisée dans l'industrie du ciment et de la céramique, ainsi que dans l'amélio-
ration des sols, tandis qu'une autre partie, toujours humide, est incinérée [Monte et al., 2009]. 
L’incinération sur lit fluidisé de ce type de résidus est la méthode de valorisation la plus répan-
due afin de réduire l'ampleur des sites d'enfouissement, de réduire la consommation de combus-
tibles fossiles et d'améliorer la qualité de l'air [Monte et al., 2009]. Ce système consiste à en-
voyer de l'air de bas en haut à travers une couche de combustibles avec un débit tel qu'ils flottent 
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dans le gaz. Le comportement de cette masse est comparable à celui d'un liquide bouillonnant, 
d'où la dénomination de lit fluidisé. La chaleur issue de la combustion de ces déchets est trans-
férée à une bouilloire afin de générer de la vapeur d’eau de sorte qu’une turbine à vapeur s’active 
et, par la suite, génère de l'électricité. La chaleur est récupérée et utilisée comme source de 
chauffage de l’usine et de certains procédés. Il s'agit d'une production d'énergie verte qui con-
tribue de façon significative au développement durable de la papetière par la diminution de 
l'ordre de 83 000 tonnes annuelles des émissions de gaz à effet de serre (GES). Kruger Énergie 
Inc. (2014), avance que l'utilisation de leurs déchets comme combustibles permet de réduire leur 
quantité de boues destinées à l'enfouissement de l'ordre de 600 tonnes sèches par jour et de 
réduire leur consommation de combustibles fossiles de 30 millions de litres par an. La teneur en 
matières organiques de leurs combustibles alternatifs représente environ 5% pour le bois, 15% 
pour les boues primaires et secondaires et 40% pour les boues de désencrage de sorte que la 
combustion de cette biomasse génère une quantité importante de cendres, d'où l'appellation de 
celle-ci : cendres de biomasse. Or, malgré la réduction du volume total de déchets suite à leur 
valorisation en combustibles, près de 50 000 tonnes par année de cendres sont générées par ce 
processus. Bien qu’une faible partie soit recyclée dans la stabilisation de sols en raison de ses 
composés à base de chaux, la majorité de celles-ci doit être enfouie sans valeur ajoutée.  
 Les cendres volantes et les cendres grossières de biomasse 
Les coproduits des chaudières à lit fluidisé circulant sont divisés en deux familles. Les cendres 
volantes de biomasse (CVB) sortent du foyer vers un dépoussiéreur en raison de leur grande 
finesse et volatilité, et les cendres grossières de biomasse (CGB) sont plus denses et moins 
volatiles de sorte qu’elles sont récupérées dans une chaudière. Alors que les plus gros grains la 
CVB ne dépassent pas 100 microns, les CGB contiennent des grains dont le diamètre dépasse 1 
millimètre [Ayrinhac, 2005]. De plus, ces cendres montrent de larges gammes de distributions 
granulométriques et des compositions chimiques, ce qui rend les interactions avec le ciment 
difficiles à prédire. Gluth et al. (2014) et Mozaffari et al. (2009) ont démontré que les quantités 
des phases cristallines (calcite, chaux, aluminate tricalcique, géhlénite, bélite, quartz, talc, etc.) 
varient selon la température du four, de la composition des boues résiduelles et de la vitesse de 
refroidissement des celles-ci. Pera et Amrouz (1998) ont montré que du métakaolin hautement 
réactif peut être produit à partir de ces boues suite à une calcination aux alentours de 700 C à 
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750 C pendant 2 à 5 heures. Dans ces conditions, les matières organiques contenues dans les 
boues sont détruites, mais la décarbonatation de la calcite est empêchée. 
2.4.2 Effets des CVB et CGB sur les propriétés des bétons 
Les travaux de Bai et al. (2003) et de Davidenko (2015) démontrent que la pâte formée à partir 
de mélanges CVB-eau montre une prise rapide et un lent développement des résistances méca-
niques dans les premières 24h. La prise rapide est attribuée à la réaction de la chaux libre (CaO) 
et de l'eau aboutissant à de la portlandite (Ca(OH)2), affectant négativement la maniabilité de la 
pâte. Aussi, la dissolution rapide de l'aluminate tricalcique amplifie cet effet. Cela entraîne une 
solution fortement alcaline, libérant des phases plus réactives telles que Al2O3 et SiO2 dans la 
matrice cimentaire. Cela crée un environnement adéquat pour que les ions calcium se lient avec 
ces oxydes en solution afin de produire principalement des monocarboaluminates de calcium et 
de petites quantités de C-S-H.  
Les travaux de Xie (2009) ont démontré que la demande en eau d'un mortier incorporant de 
CVB s’accroît proportionnellement à son taux de remplacement. À titre d'exemple, un mortier 
composé de 40% de CVB voit sa demande en eau accroître de 29% par rapport à un mortier 
témoin. Mozaffari et al. (2009) avancent que les CVB absorbent l'eau plus rapidement et plus 
largement que les autres matériaux cimentaires typiques tels que le ciment Portland. Lorsque 
l'eau est ajoutée, toutes les particules commencent leur hydratation à un rythme décroissant à 
mesure que les couches de produits de réaction s'accumulent. Cela provoque donc une diminu-
tion de l'effet lubrifiant apportée par une quantité d'eau donnée. De plus, la forte teneur carbone 
imbrûlé des CVB de formes alvéolaires ont tendance à augmenter la demande en eau pour une 
consistance donnée [Mehta et Monteiro, 2013]. La finesse des CVB peut être attribuable en 
partie à la perte rapide d'affaissement des bétons frais. 
La faiblesse des résistances induites par les CVB peut être attribuée au développement tardif 
(après la prise) du gel solide avec une structure de pores grossiers provenant principalement de 
la nature expansive hydratation de la chaux libre. La raison pour laquelle la majorité des parti-
cules de CaO ne peut s'hydrater entièrement avant la prise et le durcissement est que l'accès à 
l'eau leur est restreint en raison de l'agglomération des particules de CaO avec d'autres minéraux 
des CVB. Ce n'est qu'une fois humide qu'elles se brisent et qu'il y a libération et dispersion du 
CaO qui peut ensuite s'hydrater plus rapidement. Par contre, cela n'est pas le cas lorsque l'on 
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mélange les CVB avec du laitier [Mozaffari et al., 2009]. Lorsque les CVB sont mélangées à du 
laitier, la porosité initiale de la pâte durcie est réduite de même que son expansion. Il en résulte 
des résistances mécaniques beaucoup plus élevées. Bai et al. (2003) suggère que le laitier joue 
deux rôles notables sur la structure des pores et de leurs performances. Tout d'abord, il dilue le 
système cimentaire, réduisant ainsi la quantité de produits expansifs par espace de pores dispo-
nible et améliore le ratio CVB/eau, permettant à plus d'oxyde de calcium de s'hydrater avant la 
prise. Par conséquent, les contraintes induites dans la pâte durcie par le gonflement global sont 
réduites au minimum. D'autre part, le laitier atténue l'expansion en fournissant une surface sur 
laquelle la chaux peut être adsorbée afin d'activer l'hydratation du laitier dans un environnement 
alcalin. 
Des études canadiennes ont récemment montré qu’un liant à base de ciment avec jusqu'à 20% 
de CVB peut satisfaire les exigences de l'indice d'activité de la norme ASTM C618. Une matrice 
de ciment plus dense et moins perméable a été obtenue lors de l'utilisation du remplacement 
partielle du ciment par des CVB [Xie, 2009 ; Davidenko, 2015]. En revanche, les bétons con-
ventionnels de rapport eau/liant (E/L) de 0,40 et utilisant 20% de CVB en remplacement cimen-
taire faits par Roby (2011) montrent une diminution de 58% de la résistance à la compression 
et 22% d'augmentation de la perméabilité à 91 jours. Une partie de la diminution des résistances 
mécaniques a été attribuée au développement rapide d'une pâte très poreuse avec une structure 
grossière principalement en raison de la nature expansive des produits d'hydratation de la chaux 
libre généralement présente dans les CVB, tel que décrit précédemment. Il peut en être conclu 
que les interactions CVB-ciment sont difficiles à prévoir et ont besoin de plus optimisation.  
2.5 Les bétons secs 
Les bétons secs peuvent être définis comme étant des bétons avec une maniabilité à l'état frais 
nettement moins fluide que celle des pâtes des bétons habituels. Leur comportement à jeune âge 
est caractérisé par un affaissement au cône d'Abrams variant entre 0 et 25 mm contre 180 mm 
pour un béton ordinaire [Najimi et al., 2012]. Leur mélange doit être suffisamment raide pour 
permettre une consolidation par des rouleaux compresseurs ou pour un démoulage immédiat, 
mais doit être assez humide pour permettre une bonne répartition de la pâte à travers leur matrice 
cimentaire et leur squelette granulaire au cours du malaxage et de leur consolidation. La pro-
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duction de bétons secs représente une industrie importante pour le développement des infras-
tructures notamment pour la construction de barrages, de digues, de pavages à l’aide de bétons 
compactés au rouleau (BCR), ou pour la préfabrication de blocs de maçonnerie, de briques, de 
pierres de pavé à l’aide de bétons moulés à sec (BMS). 
2.5.1 Historique de l’utilisation des bétons secs durant le XXe siècle 
Au début du XXe siècle, les bétons secs étaient mélangés puis mis en place sans pilonnage, ce 
qui conduisait à une mauvaise consolidation et à de faibles résistances à l'état durci. L'avance-
ment des technologies et des connaissances dans les années 50 et 60 ont permis l'avènement des 
vibrateurs à béton mécaniques, ce qui a élargi considérablement les applications possibles des 
bétons et leur qualité. Effectivement, avec l'arrivée des vibrateurs à béton, la préfabrication de 
briques, de pierres et autres matériaux de construction, par exemple, était devenue réaliste. Par 
la suite, les applications des bétons secs se sont étendues et aujourd'hui, il est bien connu pour 
deux importantes applications typiques, soit en béton compacté au rouleau (BCR) et les bétons 
moulés à sec, aussi connus sous le nom de bétons préfabriqués. La principale application des 
BCR a commencé dans les années 1960, quand une grande quantité de mélanges secs a été 
utilisée dans les barrages à Alpe Gere en Italie et à Manicouagan au Canada, à l'aide de grands 
vibrateurs montés sur des excavatrices ou des bulldozers. Au cours des dernières décennies, 
l'utilisation de BCR a été considérablement élargie en Amérique du Nord et en Europe. Une 
quantité croissante de routes, de trottoirs et de barrages a été construite en utilisant la technologie 
des BCR pour leur rigidité et durabilité supérieure aux chaussées flexibles faites d'enrobés bitu-
mineux. Simultanément, le marché de nombreux produits de béton préfabriqué, qui doivent être 
immédiatement retirés des moules afin de minimiser le temps de production, a pris de l'ampleur 
drastiquement suite à la Deuxième Guerre mondiale. En effet, l'après-guerre a engendré une 
explosion de la demande pour tous les matériaux de construction, et les blocs de béton en ont 
fortement profité. La rapidité avec laquelle les usines de fabrication pouvaient être mises en 
place partout où une source de matières premières existait, et ceux-ci étaient en abondance par-
tout aux États-Unis, faisait de ce matériau un choix judicieux pour la construction. Cette énorme 
demande ne pouvait être satisfaite qu'avec des machines automatiques et rapides. Les méthodes 
archaïques à pilonnage manuel ne convenaient plus pour une production à grande échelle. L'ar-
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rivée des vibrateurs industriels efficaces a adapté cette production afin d'être en mesure d'at-
teindre les objectifs. À la fin des années 1950 et début des années 1960, les fabricants de ma-
chines ont développé une large gamme d'équipements automatisés pouvant travailler par voies 
électroniques par bouton-poussoir. Aujourd'hui, la technologie des bétons secs est utilisée pour 
produire une large gamme de produits en béton conçu pour des applications diverses comme 
dans la production de canalisations d'eaux usées, de dalles de béton, de pierres de pavé, de blocs 
de maçonnerie, de bordures de trottoirs, etc.  [Banthia et al.,1992 ; Chidiac et Zibara, 2007 ; 
Najimi et al., 2012]. 
2.5.2 Mesure de la maniabilité des bétons secs 
La maniabilité des bétons secs est généralement trop faible (mélange trop raide) pour être me-
surée à l’aide de l’essai conventionnel d’affaissement et le cône d'Abrams. Comme mentionné 
précédemment, l’affaissement de ce type de béton se situe entre 0 et 25 mm. Par conséquent, 
cette propriété se mesure par un essai de saturation de la structure granulaire en pâte cimentaire 
sous une charge axiale ou de cisaillement.  
Dans le cas des BCR et BCP, la mesure de la maniabilité des mélanges est obtenue à l'aide du 
temps Vebe, en conformité avec la norme ASTM C1170. Il consiste à consolider 13,4 kg de 
béton sec frais dans un récipient cylindrique à l'aide masse calibrée de 23,2 kg, déposé sur une 
table vibrante. Le temps est alors chronométré depuis le début de la vibration et s'arrête lorsque 
la pâte de ciment surgit en surface et forme un anneau de pâte au pourtour de la base de la 
surcharge. Il indique donc indirectement la facilité de mouvement avec laquelle la pâte de ci-
ment se meut à travers le squelette cimentaire. De manière relative, plus le temps Vebe est élevé, 
plus le béton est considéré sec, ou moins maniable, tandis qu'un temps plus court indique une 
meilleure maniabilité. 
Dans le cas des bétons moulés à sec en laboratoire, la maniabilité est mesurée à l’aide d’un « 
Intensive compactor test » (ICT), type ICT-100R, selon la méthode d'essai finlandaise « Method 
Nordtest NT BUILD 427 (1994) ». L’ICT applique une charge axiale constante et un une force 
de cisaillement cyclique rotatif sur l'échantillon de béton. Les données recueillies décrivent le 
travail nécessaire pour compacter l'échantillon à une densité jusqu’au point de saturation de la 
pâte. Visuellement, ce point est atteint lorsque la pâte cimentaire est expulsée des bétons en 
raison du manque d’espace interne. Par conséquent, un indice de compactage en fonction du 
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travail de compactage peut être tiré [Delrio-Prat et al., 2011]. Cette méthode est l'une des plus 
pertinentes pour décrire les caractéristiques et le compactage du béton sec [Kappi et Nor-
denswan, 2007]. Cette méthode est davantage détaillée au Chapitre 5. 
2.5.3 Les bétons compactés au rouleau 
Les bétons compactés au rouleau (BCR) peuvent être divisés en deux catégories distinctes en 
fonction de leur application : les BCR pour barrage et les BCR pour pavage. Les BCR pour 
barrage sont utilisés pour la construction de noyaux imperméables de barrages ou de digues et 
les BCR pour pavage sont utilisés pour la construction de chaussées rigides. Les BCR pour 
pavage se divisent également en deux catégories distinctes, soit les bétons compactés au rouleau 
(BCR) (Figure 2.3) et les bétons compactés à la paveuse (BCP). Ces deux types de béton se 
distinguent dans leur composition et dans leur méthode de mise en place. Les BCP ont une 
maniabilité supérieure à celle des BCR. Cette hausse de maniabilité peut être obtenue en aug-
mentant le volume de pâte et/ou le rapport E/L. Le rapport E/L d'un BCR est généralement situé 
entre 0,32 à 0,35 tandis que celui d'un BCP est situé entre 0,37 à 0,40. La mise en place des BCP 
s'effectue à l'aide d'une paveuse équipée d'une table vibrante dont la masse permet d'obtenir une 
compaction donnée sans avoir recours à des rouleaux. À l'inverse, les BCR nécessitent une con-
solidation aux rouleaux compacteur afin de lui conférer la compacité prescrite. Il est possible de 
mettre en place le BCR en couches allant jusqu'à 300 mm d'épaisseur. Après avoir été étendu 
par la paveuse, le béton est compacté à l'aide de rouleaux compacteurs afin d'obtenir une com-
pacité maximale (réduction des vides) et un fini de surface uniforme. 
Leurs bonnes propriétés mécaniques et leur excellente durabilité permettent de résister au trafic 
lourd industriel et urbain. Le revêtement doit pouvoir distribuer les charges de poinçonnement 
et de cisaillement au sol sans produire de déformations excessives telles que des ornières. Il doit 
également atténuer les mouvements différentiels provenant du sol et limiter les déformations en 
surface tout en conservant ses propriétés structurales et fonctionnelles à long terme. De plus, les 
BCR ont l'avantage de ne pas être armés, d'être économiques, rapides et simples à mettre en 
place puisqu'ils ne requièrent habituellement pas de coffrage. 
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Figure 2.3: Béton compacté au rouleau 
La faible teneur en eau des BCR oblige la réalisation d'une cure appropriée après la mise en 
place pour éviter l'évaporation de l'eau en surface du pavage puisque l'eau interne est essentielle 
à l'hydratation du ciment. Il existe plusieurs techniques pouvant être utilisées afin de minimiser 
cette évaporation telles que des membranes, de toiles, de matelas de coton, des agents de cure, 
de camion arroseur, etc. 
2.5.4 Méthode de formulation des BMS, BCR et BCP semi-empirique 
Bien qu'il existe plusieurs méthodes empiriques, semi-empiriques et théoriques pour formuler 
un BCR, la méthode semi-empirique, qui est basée à la fois sur des données expérimentales et 
sur des formules empiriques, est détaillée davantage subséquemment. Cette méthode est égale-
ment utilisée dans le domaine des bétons moulés à sec (BMS) (maçonnerie, préfabriqué, etc.). 
D’abord, la formulation des bétons secs se base sur une structure granulaire à haute compacité 
et sur un volume de pâte optimal. Grâce à ces deux paramètres, il est possible de produire des 
BCR ayant des capacités mécaniques supérieures à celles d'un béton conventionnel.  
Gagné (1998) et Hazaree et al. (2011) se sont penchés sur l'optimisation de ces paramètres afin 
d'obtenir une maniabilité et des performances mécaniques données. La première étape consiste 
à déterminer les proportions des différentes classes granulaires afin d'obtenir un mélange gra-
nulaire compacte comportant le moins de vides possible. Cela peut se traduire par un arrange-
ment du squelette granulaire dans lequel les particules plus petites sont emballées entre les par-
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(2.4) 
Par la suite, le volume de pâte doit être sélectionné en fonction du temps Vebe recherché de 
manière à remplir les vides interstitiels. Les travaux de Hazaree et al. (2011) ont permis de 
démontrer que le temps Vebe et la consistance des BCR diminuent à mesure que la teneur en 
liant diminue et que la teneur en granulat augmente. Pour les mélanges ayant une teneur en 
ciment plus faible et une teneur plus élevée en granulat, la demande en eau totale est supérieure 
puisque l'absorption de ces derniers est supérieure. Par conséquent, l'effort requis pour mobiliser 
la pâte de ciment à travers leur squelette granulaire est beaucoup plus élevé que celui requis 
pour des mélanges plus riches en ciment et plus pauvres en granulats. Cela se reflète par un 
temps Vebe relativement plus élevé. Lorsque la teneur en pâte de ciment augmente, l'effet lu-
brifiant octroyé par la pâte contribue à réduire la friction entre les granulats et réduit ainsi le 
temps Vebe. De plus, ce même auteur a démontré que la masse volumique des BCR croit avec 
l'augmentation de la teneur en ciment jusqu'à un maximum situé entre de 250 à 300 kg/m³ en 
teneur de ciment. Avec une pâte de ciment plus disponible, la mobilité des granulats augmente 
conduisant à une meilleure compacité des mélanges. Au-delà de 300 kg/m³, la compacité décroit 
en raison du relâchement des particules causées par les pressions hydrauliques générées par la 
pâte cimentaire. Il existe donc une teneur en ciment optimale pour une maniabilité et des per-
formances mécaniques optimales. Une compacité élevée engendre également une diminution de 
la perméabilité des BCR. En effet, la quantité de vides est réduite suite au tassement optimal de 
la matrice de béton. Le volume de pâte peut par la suite être détaillé selon l'Équation 2.4.  
 
𝑉𝑉𝑝𝑝â𝑡𝑡𝑡𝑡 = 𝑉𝑉𝑡𝑡𝑒𝑒𝑒𝑒 + 𝑉𝑉𝑙𝑙𝑙𝑙𝑒𝑒𝑙𝑙𝑡𝑡 + 𝑉𝑉𝑒𝑒𝑙𝑙𝑎𝑎 
 
Les travaux de recherche de Houehanou (2004) ont permis d'élaborer un abaque servant à trou-
ver un volume optimal de pâte d'un BCR avec air entrainé afin de combler les vides et ainsi 
obtenir une maniabilité désirée (voir Figure 2.5). Selon l’autre, un temps Vebe de 45 secondes 
est recherché pour un BCR et 25 secondes pour un BCP. 
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Malgré la grande variété de formulation possible pour ceux-ci, il n'en demeure pas moins qu'ils 
sont très résistants en compression et relativement résistants en flexion. En observant les résul-
tats des travaux de Najimi et al. (2012) qui a mis en relation quatre BCR différemment formulés, 
on remarque des résistances en compression entre 9 et 22 MPa dès le premier jour et près de 65 
MPa à 90 jours. Ces grandes résistances à jeune âge permettent notamment le démoulage im-
médiat pour ce type de béton et offrent une mise en service rapide des voies en construction, 
pour des travaux d'urgence par exemple. Ces résistances peuvent être attribuées au faible rapport 
eau-liant de bétons secs, tel que connu dans les bétons ordinaires, et à leur compacité. Les réac-
tions pouzzolaniques sont également des facteurs importants dans l'apport des résistances à long 
terme. 
Les forces à jeune âge des bétons secs sont définies par la capacité du produit non durci à garder 
sa forme d'origine jusqu'à ce que le ciment commence à s'hydrater. Celles-ci peuvent être expli-
quées à l'aide du modèle Mohr-Coulomb utilisé en mécanique des sols pour la description des 
sols cohésifs. Bien que ce modèle ne peut être adapté complètement aux bétons secs, le critère 
de rupture de Mohr-Coulomb permet d'expliquer l'origine de ses résistances initiales. Les résis-
tances initiales des bétons secs sont régies par leur cohésion apparente qui correspond à la valeur 
initiale (c’) de la tangente à la Figure 2.6. Ce caractère cohésif et les résistances qui en résultent 
proviennent de deux effets particuliers : la formation de forces capillaires créée par des ponts 
entre la solution et la surface des solides, et des forces de friction interne du mélange granulaire. 
Ceux-ci sont fonction de la taille des grains et la forme des particules concernées. L'inclinaison 
de la tangente est quant à elle fonction des forces de frottements internes du mélange [Husken 
et Brouwers, 2012]. L'utilisation d'adjuvant dispersant améliore le comportement au compac-
tage, mais réduit également la résistance verte puisqu'ils agissent directement sur les forces co-
hésives de surface. 
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FAISAIBILITÉ DE L’UTILISATION DES CENDRES VOLANTES 
ET GROSSIÈRES DE BIOMASSE DANS LA PRODUCTION DE 
BCR ET DE BCP 
 
Résumé en français 
Le béton compacté au rouleau (BCR) est largement utilisé dans les barrages et les pavages in-
dustriels. Des matériaux cimentaires et granulaires alternatifs peuvent être utilisés dans leur pro-
duction afin d’améliorer la rhéologie, les performances mécaniques et environnementales. Cet 
article présente l'optimisation de cendres volantes de biomasse (CVB) comme ajout cimentaire 
alternatif (ACA) et des cendres grossières de biomasse (CGB) comme granulat fin alternatif 
dans la production de BCR. Cette optimisation a été effectuée avec des BCR à rapport eau-liant 
(E/L) de 0,32 à 0,37. Les CVB ont été utilisées pour remplacer jusqu'à 30% du ciment et des 
CGB ont été utilisées pour remplacer partiellement et entièrement le sable. Les taux de rempla-
cement optimaux en combinant la CVB et CGB ont également été réalisés. Les propriétés à 
l’état frais (temps Vebe et masse volumique), à l’état durci (résistance à la compression et à la 
flexion), et de durabilités (absorption à l’eau, vides perméables et résistivité électrique) jusqu'à 
91 jours ont été mesurées pour tous les mélanges de béton. Les résultats des mélanges de BCR 
fabriqués avec 10% et 20% de CVB et combinés à 50% de CGB ont respectivement montré des 
résistances à la flexion supérieures aux limites prescrites par les devis techniques pour une uti-
lisation pratique de 23% et 29%. Ces mélanges présentent également des résistivités électriques 
« élevées » ce qui indique une bonne durabilité du matériau face aux agents agressifs. Ces ré-
sultats démontrent la faisabilité de valoriser des quantités importantes de CVB et CGB dans les 
BCR et BCP, ce qui contribue grandement au développement durable des industries des pâtes 
et papiers et du béton. 
Note : À la suite des corrections demandées par le jury, le contenu de cet article diffère de celui 
qui a été soumis 
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OPTIMIZING BFA AND BBA CONTENT IN RCC AND PCC PRO-
DUCTION 
 
Abstract 
Roller-compacted concrete (RCC) is widely used in mass concrete and pavement. Alternative 
supplementary cementitious materials (ASCM) can be used in RCC production for rheological, 
mechanical and environmental improvement. This paper presents optimization of biomass fly 
ash (BFA) as ASCM and biomass bottom ash (BBA) as an alternative sand for RCC production. 
This optimization was carried out on RCC with water-to-binder ratio (w/b) from 0.32 to 0.37. 
The BFA was used to replace up to 30% of cement and the BBA was employed to totally replace 
sand. The optimal replacement rates when combining the BFA and BBA was also carried out. 
The fresh (Vebe time and unit weight), mechanical (compressive and flexural strengths), and 
transport (water absorption, air voids, and electrical resistivity) properties up to 91 days were 
determined for all concrete mixtures. The results of concrete mixtures made with 10% and 20% 
BFA with 50% BBA showed 23% and 29% higher flexural strength than the limits required for 
practical use of RCC, respectively. These mixtures exhibited also “very low” permeability, 
which can be considered an indication for durable in-situ behavior. Those results demonstrate 
the feasibility of recycling important amount of the BFA and the BBA in RCC and PCC mix-
tures.  
3.1 Introduction 
Roller-compacted concrete (RCC) is widely used in mass concrete such as dams, cores dikes 
and pavement applications. The ACI 207.5R-11 defines it as a concrete of no-slump consistency 
in its unhardened state that is typically transported placed using earth and rockfill construction 
equipment and compacted using vibrating roller compactors. Such concrete can also be placed 
over reinforcing bars and compacted by paver equipped with vibrating table so-called paver-
compacted concrete (PCC). Besides, PCC is generally more workable than RCC since the com-
paction method gives a lower energy compaction to reach equivalent compactness. Whichever 
method is used, achieving optimum compactness is essential to develop appropriate strength 
and durability. Amer (2008) has demonstrated that mechanical properties directly increase when 
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RCC has higher density due to adequate compaction according to its consistency. The desired 
consistency can be obtained by varying the water content, the paste content and the particle-size 
distribution of the aggregates, which is also an important factor for cohesion and compactness 
[Marchand et al., 1997; Husken et Brouwers, 2012]. Moreover, various recycled materials not 
meeting requirements for conventional concrete have been used successfully in RCC as alter-
native supplementary-cementitious materials (ASCM) and/or fillers in the cementitious materi-
als systems or in granular structures [Malhotra, 1994]. Such materials in RCC mixtures can help 
to obtain optimal compactness and maximum density and/or participate in the densification of 
the cement matrix by generating denser C-S-H gel, which increases strength and improve dura-
bility properties [Marchand et al., 1996; Atis, 2005]. Consequently, apart from the highly com-
mercialized ASCM, other industrial by-products can be used either as ASCM for cement or 
alternatives to sand and aggregate. These materials are such as the by-product materials from 
the cogeneration plants of the pulp and paper industry. 
Since the 70s, the pulp and paper industry is a major applicant of RCC because of its large 
storage areas and logging roads where large and heavy specialized equipment operates [Reid et 
Marchand, 1997]. Therefore, the used of its by-products as construction materials, such as bio-
mass fly ash (BFA) and biomass bottom ash (BBA), in their infrastructures is a promising ap-
proach regarding economic and environmental purposes for the latter. The two families of ashes 
can be distinguished according to their physical characteristics. The BFA is the finest ash from 
cogeneration process with maximum particle-size less than 100 µm. The BBA is distinguished 
by its coarser particle sizes (greater than 1 mm) [Ayrinhac, 2005]. Both are by-products from 
the combustion of biomass wastes in a cogeneration plant. It allows reducing by 40% to 50% 
the volume to bury of the primary and secondary sludge from their waste water, the de-inking 
sludge from chemical treatment, bark and wood waste, including construction and demolition 
materials from sorting centers [Kinuthia et al., 2001]. However, the inorganic components of 
biomass represent about 5% for the wood, 15% for the primary and secondary sludge, and 40% 
of the deinking sludge so that its combustion generates significant and problematic amount of 
ashes. 
Many authors have studied the potential use of BFA from the combustion of waste paper sludge 
from the paper industry as an ASCM in conventional concretes or mortars. A wide range of 
 29 
particle size and physicochemical properties have been listed since the late 90s as their physi-
cochemical and mineralogical characteristics vary according to the heat treatment, the compo-
sition of the sludge and the rate of cooling [Pera et Amrouz, 1998; Pera et Ambroise, 1999; Pera 
et Ambroise, 2000; Kinuthia et al., 2001; Bai, 2003; Chahidi-Elouazzani, 2005; Mozaffari et 
al., 2009; Xie, 2009; Roby, 2011; Gluth et al., 2014; Davidenko, 2015]. Therefore, the BFA and 
cement interactions are difficult to predict. For example, recent Canadian studies have shown 
that a cementitious binder with up to 20% of the BFA as cement replacement can satisfy the 
strength activity index requirements of ASTM C618 (min 75%) with values between 80% and 
95% at 7 days [Xie, 2009; Davidenko, 2015]. In the other hand, BFA used by Roby (2011) in 
normal concrete mixtures with w/b of 0.4 showed a decrease of 58% in the compressive strength 
and 22% increase the 91-days permeability. Part of the decrease in mechanical resistance was 
attributed to the early development of a highly porous paste with a coarse structure mainly due 
to the expansive nature of the hydration products [Bai et al., 2003; Mozaffari et al., 2009; Xie, 
2009]. It can be concluded that the BFA and cement interactions are difficult to predict and need 
more optimization. Very few studies, if any, have focused on recycling BBA as an alternative 
sand in concrete and limited researches have been conducted regarding the use of BFA and BBA 
in RCC and PCC production. 
This paper presents optimization of BFA content when used as ASCM to partially replace ce-
ment (up to 30%) and the optimization of BBA when used to replace sand in RCC and PCC 
mixtures. The optimization was carried out on RCC with w/b from 0.32 to 0.37. The optimal 
replacement rates when combining the BFA and BBA was also carried out in this research. The 
study presents also the results of the fresh (Vebe time and unit weight), mechanical (compressive 
and flexural strengths), and transport (water absorption, air voids, and electrical resistivity) 
properties up to 91 days for all concrete mixtures prepared with BFA and BBA. 
3.2 Experimental procedures 
3.2.1 Mixture proportions 
In total, 10 RCC and eight PCC mixtures (Table 3.1) were designed based both on experimental 
data and empirical formulas. The proportions of the granular materials were determined in order 
to have an arrangement in which the smallest particles are packed into the larger particles to 
reduce the voids in the system, which enhances the mixture compactness. Such distribution has 
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fundamental effects on mechanical and economical performances in short and long terms. This 
is because it allows densifying mixtures, increasing inter-granular frictional forces, decreasing 
segregation, and reducing permeability while using a minimum paste content. The RCC and 
PCC mixtures were made with coarse aggregates of nominal maximum-size of aggregate (D in 
mm) of 20 mm and 14 mm, respectively. The resulting particle-size distributions were obtained 
c the maximum density curve equation developed by Fuller and Thompson (Equation 3.1) 
[Marchand et al., 1997].  
100)/( 45.0 ×= DdP  
where P (in %) is the percentage of passing particles under sieve size opening (d in mm). 
It has been demonstrated that the unit weight of RCC increases with a cement content close to 
250 kg/m³ [Hazaree et al. 2011]. With more available cement paste, the mobility of aggregates 
enhances leading to a more compact mixtures and less permeable. Beyond this maximum, these 
properties start to decrease since the structure becomes relatively loose which increase voids 
content. Based on optimal paste volume method for air-entrained RCC, a cement content of 274 
kg/m³ was initially selected [Houeanou, 2004].  After conducting number of preliminary results, 
the cement content was increased to 300 kg/m³ to secure required fresh properties and to reach 
optimum mechanical performances. A w/b of 0.32 for RCC and 0.37 for PCC were used to 
obtain respective Vebe times (VBT) of 25 and 45 s, as suggested for air-entrained RCC in the 
work of Faubert (2012). The BFA and BBA were used to replace cement and sand, based on 
mass. The replacement rates for cement by the BFA were 0%, 10%, 20%, and 30%, while the 
replacement of sand by BBA were 0%, 50%, and 100%. Depending on the BBA replacement 
rates, changes occur in the particle-size distribution of the entire mixture. Therefore, some ad-
justments of the amounts of aggregates were made to reproduce, as closely as possible, the 
Fuller-Thompson curve. As shown in Table 3.1, the mixture names contain two letters and two 
numbers. The first letter is A or B, which refers to binder contents of 274 and 300 kg/m3, re-
spectively. The first number is 32 or 37 that refers to the w/b used in the mixture. The following 
letter (F or B) referring to BFA or BBA, respectively. The last number indicates the replacement 
ratio of the BFA or the BBA, whenever incorporated.  
In light of the results obtained by individual replacements of each of the BFA and BBA, addi-
tional two RCC and two PCC mixtures were prepared with a combination of both the BFA and 
(3.1) 
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BBA. These mixtures were designed with 10% and 20% of BFA combined with 50% of BBA. 
The RCC mixtures were made with a w/b of 0.35 to recover the expected workability losses due 
to the physicochemical properties of the ash. The PCC mixtures were designed with w/b of 0.37. 
These mixtures had D of 14 mm and a paste content of 300 kg/m³. The mixtures were named in 
such away as 35F10B50, where 35 is the w/b, F10 means 10% BFA replacement, and B50 means 
50% BBA replacement.   
All concrete mixtures were made with a water-reducing agent (WRA) with a dosage rate of 250 
mL/100 kg of cement and air-entraining agent (AEA) of a dosage rate of 400 ml/100 kg cement.  
Table 3.1: RCC and PCC Mix designs 
Mixture name 
Water Cement BFA BBA Sand 
Coarse aggregates 
AEA WRA 
2.5-10 mm 5-14 mm 10-19 mm 
kg/m³ mL/100 kg of binder 
R
C
C
 m
ix
tu
re
s 
A32Control 88 276 0 0 931 376 473 322 400 250 
B32Control 96 300 0 0 931 376 473 322 400 250 
B35Control 105 300 0 0 924 0 1186 0 400 250 
A32F10 88 248 0 28 931 376 473 322 400 250 
A32F20 88 226 0 50 931 376 473 322 400 250 
A32F30 88 193 0 83 931 376 473 322 400 250 
B32B50 95 296 373 0 375 613 363 338 400 250 
B32B100 95 296 615 0 0 793 277 353 400 250 
B35F10B50 105 270 368 30 368 28 1247 0 400 250 
B35F20B50 105 240 368 60 368 28 1247 0 400 250 
PC
C
 m
ix
tu
re
s 
B37Control 111 300 0 0 924 0 1186 0 400 250 
B37F10 111 270 0 30 924 0 1186 0 400 250 
B37F20 111 240 0 60 924 0 1186 0 400 250 
B37F30 111 210 0 90 924 0 1186 0 400 250 
B37B50 111 300 368 0 368 28 1247 0 400 250 
B37B100 111 300 606 0 0 185 1196 0 400 250 
B37F10B50 111 270 368 30 368 28 1247 0 400 250 
B37F20B50 111 240 368 60 368 28 1247 0 400 250 
 
3.2.2 Materials  
General aspects of the investigated BFA are shown in Figure 3.1. The BFA had a density of 
2720 kg/m³, a loss on ignition (LOI) of 2.8%, and a Blaine fineness of 981 m2/kg, as shown in 
Table 3.2. The particle-size distribution of the BFA illustrated in Figure 3.2 had a mean particle-
size diameter (d50) of 42 μm and about 52% of the particles retained on 45 μm sieve. The BFA 
was porous and mainly contained angular particles of rough textures and few spherical particles 
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with smooth surfaces, as illustrated in micrograph (Figure 3.1C). Black carbon particles were 
also detected. Table 3.2 presents the chemical composition of the BFA. This composition re-
sulted from the combustion products of the deinking sludge, sludge, wood chips, barks, etc. The 
high content of calcium oxide under hydraulic phases such as anhydrite, gypsum, and free lime 
suggested that the BFA could have potential hydraulic properties to be further amplified by the 
reactivity of its crystalline and glassy calcium-aluminate phases [Davidenko, 2015]. The sum of 
aluminum oxide, iron oxide, and silica (the main elements responsible of pozzolanic reactions 
when having amorphous form) in the BFA was 38.5%, which was lower than other classical 
mineral admixtures.  
  
Figure 3.1: BFA: A) General aspect; B) microscopic view at 5x; and C) microscopic view 
at 2000x 
 
Figure 3.2: Particle-size distributions of cement, BFA, BBA, sand, and coarse aggregates 
The X-ray diffraction analysis (XRD) of the BFA (Figure 3.3) reveals that it could be distin-
guished as crystalline forms because of its close and distinctive peaks. Figure 3.3 shows a com-
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plex mineralogical composition composed of anhydrite, quartz, calcite, free lime, anorthite, gel-
ignite, tricalcium aluminate (C3A), portlandite, and gypsum. The sulfur content of BFA (7.8%) 
was also higher than the ASTM C618 and CSA A3004-E1 requirements of 5%. This high sulfur 
originated from the fuel, construction, and demolition materials, rubber, etc. used in the produc-
tion process. However, the CSA A3004-E1 can allow exceeding this limit if the results of ex-
pansion tests due to the internal sulfate attack are acceptable. It was decided to use this ash with 
this high sulfur content based on the previous study of Davidenko (2015), which demonstrated 
that the use of 20% of BFA in ordinary concrete showed less expansion than CSA limit. 
Table 3.2: Chemical and physical characteristics of Type GUb-SF cement, BFA, and 
BBA 
 Items 
Type GUb-SF 
cement 
Biomass-fly ash 
(BFA) 
Biomass-bottom ash 
(BBA) 
Sand 
C
he
m
ic
al
 p
ro
pe
rt
ie
s 
CaO (%) 54.3 42.1 23.7 - 
SiO2 (%) 24.8 22.2 44.8 - 
Al2O3 (%) 4.3 12.7 11.5 - 
SO3 (%) 4.3 7.8 4.6 - 
Fe2O3 (%) 2.9 3.6 4.8 - 
MgO (%) 2.2 2.4 2.0 - 
K2O (%) - 0.8 2.0 - 
Na2O (%) - 0.6 1.8 - 
Na2Oeq (%)* 0.8 1.1 3.1 - 
Others (%) 2.2 5.1 2.9 - 
CaOlree (%) 1.5 3.0 0.7 - 
LOI (%) 2.6 2.8 1.9 - 
SiO2+Al2O3+Fe2O3 (%) - 38.5 61.1 - 
P
hy
si
ca
l 
 p
ro
pe
rt
ie
s 
Density (kg/m³) 3100 2720 2310 2610 
Blaine fineness (m²/kg) 621 981 - - 
Retained 45 µm (%) 5 51.9 95.0 - 
d50 (µm) - 42 350 650 
Absorption (% by mass) - - 5.25 1.30 
Fineness modulus - - 1.44 2.54 
* Na2Oeq = 0.658K2O + Na2O 
 
The general aspect and morphology of the BBA (Figure 3.4) presents a variety of angular shapes 
and rough textures. Moreover, similar to the BFA, black and striated carbon particles can be 
also observed (Figure 3.4E). Each particle, therefore, has a high porosity, which explains their 
high absorption rate of 5.25%, compared to 1.3% for the siliceous sand. Although the dosage 
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28.5% and 5.0%, and unit weights are 1.150 and 1.007, respectively. The WRA and AEA meet 
the requirements of ASTM C494 and ASTM C260, respectively. 
 
 
Figure 3.4: BBA: (A) general aspect; (B) microscopic view at 5x; (C) microscopic view at 
2000x; (D) microscopic view at 500x; and (E) carbon particle at 35x 
3.2.3 Specimen’s preparation 
The consistency and unit weight of all mixtures were determined using the Vebe test (VBT). In 
the VBT, a 13.4 kg of fresh dry concrete was placed in a cylindrical container under a calibrated 
mass of 23.2 kg, then the setup was maintained on a vibrating table till consolidation. The VBT 
time was taken from the beginning of the vibration until a cement paste layer appeared on the 
surface and form a ring of paste around the base of the overhead load. Therefore, it indirectly 
indicates the movement of the cement paste through the granular structure till the surface. The 
longer VBT time indicates very dry or less workable concrete. Consequently, a greater energy 
of compaction is required to obtain a maximum compactness due to a lack of mobility of the 
cement paste in the granular structure. This may be due to a lack of moisture, use of more fine 
materials, use of angular and/or porous granular materials. On the contrary, a shorter VBT time 
indicates a better workability meaning that the paste can move easily trough the granular struc-
ture. This can be obtained when using excess water, use of superplasticizer, use of rounded and 
smooth granular materials, incorporating higher paste content. These constituents tend to de-
crease the inner friction forces, acting as a lubricant, which increases the densification of the 
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concrete under applied compaction forces. This may result in bleeding, non-uniform surface, 
non-homogeneous mixture, or need for formwork. For practical considerations such as place-
ment method, required mechanical and durability properties and cost, the VBT of 45 s was rec-
ommended for the RCC and 25 s for the PCC [Faubert, 2012].  
The unit weight of the dry mixture was measured according to the procedures prescribed in 
ASTM C231, with few modifications to comply with the needs of the dry compacted concrete. 
The concrete was poured in a 7 L cylindrical mold in three layers. Each layer was consolidated 
by putting a mass of 17.3 kg on its top surface, then using a vibrating table for a period equals 
to the VBT determined earlier when measuring the consistency. The unit weight was obtained 
by dividing the sample mass by the container volume (7 liters).  
PVC cylindrical molds measuring 150 mm in diameter and 300 mm in height placed in steel 
cylinders to avoid distortions due to the compaction were used to produce specimens for the 
compressive strength test. According to ASTM C 1435, each cylinder was filled in four layers, 
where each layer was compacted using an electrical vibrating hammer of a circular tamping 
plate of a diameter of 140 mm. The compaction was applied until the mortar forms a ring around 
the total perimeter of the tamping plate, indicating full compaction. The compressive strengths 
were measured at 7, 28, and 91 days in accordance with ASTM C39. 
Prismatic steel molds measuring 100 x 100 x 400 mm were prepared for the flexural strength 
measurements. The prisms were cast in two layers. Each layer was compacted with an electrical 
vibrating hammer having a square tamping plate of 100 mm. Again, the compaction was applied 
until a thin layer of mortar forms on the surface. The flexural strength was measured at ages of 
7 and 28 days according to ASTM C78. Although, the standards have not specified the minimum 
required mechanical strength for the RCC and PCC, several technical specifications required a 
minimal flexural strength of about 5.0 to 5.5 MPa at 7 days [Ville de Montréal, 2002; Ciment 
Québec inc., unpublished report]. In the current research, the 5.5 MPa value was considered.  
All concrete mixtures were unmolded after 24 hours and cured according to ASTM C192 until 
testing. 
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Water absorption and air voids of hardened PCC were measured after 28 days of curing, accord-
ing to ASTM C642. These measurements characterize the pore structure and the capillary net-
work of concrete. This microscopic structure influences long-term mechanical performances 
and durability since aggressive substances can leach easily into it. 
The electrical resistivity measurements can give an illustration about the permeability of con-
crete and the probability of corrosion of rebar in reinforced concrete. It was not measured for 
the RCC because it is normally used for casting mass concrete structures without reinforcement 
(no possible corrosion problems). The resistivity was measured on only PCC samples at 28 and 
91 days by applying an electrical current through two electrodes attached to the concrete speci-
men ends (two electrode method). The specimens used were the 150 x 300 mm cylinders. 
3.3 Results and Discussion 
3.3.1 Effect of w/b on fresh and hardened properties of RCC and PCC 
Unlike ordinary concrete (OC) in which a lower w/b generally improves the mechanical perfor-
mance, the higher w/b improves the mechanical properties of the dry concrete. In the case of 
RCC, the higher paste volume (water and binder) allows better lubrication of particles, more 
uniform distribution of binder trough the granular structure, filling the voids between the coarse 
particles, and effective compactness of the samples. The compactness of RCC and PCC plays a 
prominent role on the mechanical properties. Thus, increasing the paste volume to an optimum 
level helps to provide a concrete with better mechanical performance. For example, the B37Con-
trol mixture showed a 50% shorter VBT time compared to the B32Control (25 vs. 50 s, respec-
tively), but had a slightly higher density (2%) (Figure 3.5). This densification resulted in an 
increase of 8% and 9% in the 28- and 91-day compressive strength, respectively; despite 15% 
more water was incorporated in the mix design (Figure 3.6). Nevertheless, a certain consistency 
is sometimes required for given casting method or for compaction energy saving.  
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3.3.2 Results of cement replacement by BFA  
Fresh properties 
As shown in Figure 3.5, the increase in the BFA replacement rate tended to reduce the worka-
bility and slightly the density. The incorporation of 10% of BFA had little effects on the work-
ability and the compactness of RCC and PCC as their VBT and the associated density showed 
a slight variation (±1%) than the control. However, for both concretes, the use of 20% of BFA 
lead to workability loss between 8% and 16% and a decrease in the density by about 2%. Those 
observations were more pronounced for the RCC and PCC mixtures incorporating 30% of BFA, 
which showed 28% higher VBT time (64 and 32 s) than the respective control mixtures (45 and 
25 s) and a decrease in the density ranged between 2.5% and 5%. Those VBT times exceeded 
the allowable values for the RCC and PCC for the PCC, as illustrated by dotted lines in Figure 
3.5. Therefore, the 30% BFA replacement rate cannot be recommended for practical works. 
 
Figure 3.5: Fresh properties of RCC and PCC incorporating the biomass-fly ash (BFA) 
The decrease of workability and density of the RCC and PCC is due to the physicochemical 
properties of BFA. The angular and rough morphology of the BFA as well as the existence of 
black carbon particles (Figure 3.1) may be associated to this decrease. This physical feature 
provided more internal friction forces, thereby reduced the movement capacity of the paste 
through the granular structure. This feature affected directly the compactness of the mixtures by 
increasing the compaction energy for an equivalent compactness level. Also, the porosity of the 
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BFA particles resulted in absorption of a certain amount of mixing water which reduced the 
effective w/b that was necessary for a good workability of the mixture. This phenomenon was 
also noticed by Mozaffari et al. (2009) and Davidenko (2015), who reported that BFA absorbs 
water faster and more widely than other typical cementitious materials such as Portland cement. 
These last effects are more significant at high substitution rate. The substitution method by mass 
employed for the BFA lead to changes in the volume of paste and overall water demand of 
concrete due to differences in densities between GUb-SF cement and BFA (3.1 vs. 2.72) and 
Blaine fineness (621 vs. 981 m²/kg), respectively. Thus, the number of fine particles as well as 
the total specific surface area of the system rose. Consequently, the paste became more thickener 
and difficult to move through the aggregates, which directly affected the compactness of mix-
tures. Similar conclusions were observed in ordinary concrete by Xie (2009). Part of the work-
ability loss can be attributed to the fast setting occurring due to the hydration the free lime pre-
sented in the BFA producing voluminous crystalline phases of portlandite (Ca(OH)2). This re-
action adversely affects the mobility of the paste [Bai et al., 2003; Chaipanich et al., 2005]. The 
consistency loss can be also attributed to the high LOI of the BFA. The LOI consist of unburned 
carbon that is generally present in the form of cellular particles larger than 45 µm. Such particles 
tend to increase the water demand for a given consistency [Mehta et Monteiro, 2013]. 
Hardened properties 
The compressive strength at 7, 28, and 91 days and the flexural strength at 7 and 28 days for the 
RCC and PCC that incorporate 0%, 10%, 20%, and 30% of BFA are shown in Figure 3.6. 
In general, the addition of BFA tended to reduce the development of mechanical properties. For 
example, in the PCC mixtures, the replacement rates of 10%, 20%, and 30% of BFA generated 
18%, 20%, and 24% losses in the 7-days compressive strength respectively and 13%, 17%, and 
21% losses in the 7-days flexural strength respectively compared to the control. Similar tenden-
cies were observed over time with respective compressive strength and flexural strength losses 
at 28 days of 20%, 24%, and 23% and 13%, 13%, and 17% compared to the control. Neverthe-
less, the flexural strength at 7 days for both the PCC and RCC mixtures containing 10% or 20% 
of BFA equaled or exceeded the practical requirements of 5.5 MPa as shown with a dotted line 
on Figure 3.6. The physicochemical properties of those BFA can explain these observations as 
follows. 
40  CHAPITRE 3 
 
 
Figure 3.6: Compressive and flexural strengths of RCC and PCC incorporating the bio-
mass-fly ash (BFA) 
From the physical point of view, the angular morphology, fineness, and high water demand of 
the BFA caused a reduction in the mobility of the granular materials by thickening the paste and 
increasing the inter-granular forces, which directly reduced the compactness of the concretes. 
Consequently, cement particles became looser, the interaction between cement particles became 
more difficult, and the air voids and porosity increased. Therefore, the resulting compressive 
and flexural strengths were reduced. From the chemical point of view, the decrease in mechan-
ical resistance can also be attributed to the early development of a highly porous paste with a 
coarse structure mainly due to the expansive nature of hydration products of BFA [Bai et al., 
2003; Mozaffari et al., 2009]. This effect is more significant when the water-to-BFA ratio is 
high and provide enough water to lime hydration. This is could be confirmed by the higher 
reduction in the mechanical strength of the PCC with higher water content (w/b = 0.37) com-
pared to the RCC (w/b = 0.32). Also, the replacement of a highly reactive binary cement powder 
having 8% silica fume with a less reactive powder of the BFA can explain the reduction in the 
strength. 
Transport properties  
The water absorption and air voids of the PCC mixtures (w/b = 0.37), according to ASTM C642, 
are shown in Figure 3.7. The incorporation of the BFA in the PCC did not show significant 
changes in the water absorption. The values remained between 3.5% and 4.3%. The PCC’s water 
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absorption increased slightly with increasing the replacement rate of BFA. For the 30% BFA 
replacement rate, the water absorption was increased by only 2% relative to the control.  
  
Figure 3.7: Water absorption and air voids (left) and electrical resistivity (right) of PCC 
incorporating the biomass-fly ash (BFA) 
The 28- and 91-days electrical resistivity results for the PCC mixtures (w/b = 0.37) with the 
proposed limits for concrete categories are shown in Figure 3.7. The electrical resistivity of PCC 
made with BFA remained in the “very low” permeability classification with values ranged be-
tween 58 and 146 k.Ω.cm. However, a higher rate of BFA caused a diminution in the electrical 
resistivity. Indeed, the use of 10%, 20%, and 30% decreased the at 28-days electrical resistivity 
values by 17%, 11%, and 35% and by 15%, 18%, and 37% at 91 days, respectively. This can be 
explained by the fact that the PCC mixtures designed with BFA is less dense with porous cement 
matrix. It can be concluded that despite the relative decrease in electrical resistivity of the PCC 
mixtures incorporating the BFA, they remained highly impermeable to chloride ions and ag-
gressive agents. 
3.3.3 Results of sand replacement by BBA  
Based on preliminary results, the binder content of PCC and RCC mixtures incorporating BBA 
was increased from 274 to 300 kg/m³ to recover the workability loss due to the physical prop-
erties (lower fineness modulus, finer particles, and rough and angular morphology) of the BBA. 
Increasing to a certain amount the paste content was reported to have profound effects on me-
chanical properties of RCC and PCC as it provides effective consolidation and better spatial 
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distribution of cement solution, it reduces the number of voids and it allows to achieving an 
optimum packing density [Hazaree et al., 2011]. 
Fresh properties 
The use of 50% and 100% of BBA in RCC and PCC lead to a linear workability and density 
losses as shown in Figure 3.8. In the PCC mixtures, a 50% replacement of sand by BBA resulted 
in small density reduction (2%) and significant increase of VBT time of +12 s (from 25 to 37 s) 
compared to the control. The corresponding values for the RCC were 2% and +20 s (increased 
from 37 to 57 s), respectively. Compared to the control, the density of RCC and PCC mixtures 
made entirely with BBA (without sand), decreased by only 3% for the two mixtures, while the 
VBT times increased by +40 and +33 s, respectively. Based on these results, it could be said 
that the use of 1% of BBA increases about 1% the VBT, in both types of concrete. In spite of 
the workability loss due to the BBA incorporation, the corresponding to the use of 50% BBA 
remained close to the acceptable practical limit of 45 s.  
The loss in density of the mixture can be explained by the decrease of the compactness of mix-
tures. The longer VBT following a replacement of natural sand by BBA is mainly caused by the 
granular disorder in the particle-size distributions between the two materials. From the theoret-
ical point of view, the combined particle-size distribution of the two materials shall reproduce 
perfectly the Fuller-Thompson curve. However, as shown in Figure 3.9, the use of BBA cause 
a significant deviation from the Fuller-Thompson curve because fine distribution and lack of 
coarser particles in the BBA compared to the natural sand. The “square deviation” index is used 
to quantify the degree of accuracy of reproduction. The higher square deviation values indicate 
a lack of fitness between the particle-size distribution curve and the Fuller-Thompson curve. 
For example, in the case of PCC, the use of 0%, 50%, and 100% BFA replacements showed 
increasing square deviation values of 197, 316, and 473, respectively. The  
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Figure 3.8: Fresh properties of RCC and PCC incorporating the biomass-bottom ash 
(BBA)  
use of BBA tend to generate voids into the granular structure that needed a higher volume of 
paste. This amount of paste used in the voids filling reduce the paste available for lubrication 
causing low compactness of mixtures and/or increased compaction energy. Moreover, the addi-
tion of BBA having fine particles reduce the amount of available water per particle due to the 
higher adsorption on larger surface area, which create higher apparent cohesion. This cohesive 
nature resulted from two particular effects: the formation of capillary forces created by bridges 
between the solution and the solid surface, and the internal frictional between the granular mix-
tures. This depends on the size and shape of the particles. Consequently, the mobility of the 
paste through the granular structure became difficult [Husken et Brouwers, 2012]. Finally, sim-
ilar to the BFA, the BBA had high LOI content that increases the water demand for a given 
consistency [Mehta et Monteiro, 2013]. 
Hardened properties 
The compressive strength at 7, 28, and 91 days and flexural strength at 7 and 28 days of the 
RCC and PCC incorporating 0%, 50%, and 100% of BBA are shown in Figure 3.10. In general, 
the incorporation of BBA in PCC and RCC tended to a linear decrease in both the compressive 
and flexural strengths. The incorporation of BBA reduced slightly the strength of the PCC rela-
tive to that of the RCC.  
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Figure 3.9: Particle-size distributions of PCC made with 0%, 50%, and 100% of the bio-
mass-bottom ash (BBA) compared to Fuller-Thompson curve 
The PCC made with 50% of BBA showed approximately similar 7- and 28-day flexural 
strengths compared to the control mixture. The 7-, 28-, and 91-day compressive strengths for 
the same mixtures exhibited reductions between 18% and 23% relative to the control. The use 
of 100% of BBA resulted again in similar flexural strength at 7 and 28 days compared to the 
control, but with a reduction of 15% in the compressive strength at 7, 28, and 91 days. The 
flexural strength of all the PCC mixtures made with up to 100% BBA surpassed the minimum 
performance requirements (5.5 MPa), but with the increase of the energy of compaction.  
Relative to the control mixture, the use of 50% of BBA in the RCC caused a reduction of about 
18% in the compressive strength and 31% in the flexural strength. The strength reduction caused 
by the use of 100% of BBA were even greater probably due to the increase of voids and the 
limited mobility of the paste. The compressive strength dropped by 32% and the flexural 
strength dropped by 44%. RCC mixtures made with 50% and 100% of BBA did not achieved 
the minimum practical requirements at 7 days regarding the flexural strength of 5.5 MPa. The 
stiffening effect of the BBA significantly reduced the workability of the mixtures with a w/b of 
0.32, which decreased compactness and mechanical performances. Higher water content is thus 
recommended for RCC application incorporating high BBA rate. Based on the obtained results, 
a maximum replacement rate of 50% of BBA can be recommended for both the RCC and PCC, 
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provided they have adequate consistency and compactness. This 50% replacement rate can al-
low recycling of about 370 kg/m³ of BBA and reducing the demand of non-renewable natural 
sand of the same amount. 
 
Figure 3.10: Compressive and flexural strengths of RCC and PCC incorporating the bio-
mass-bottom ash (BBA) 
Transport properties 
Figure 3.11 shows augmentations in both the water absorption and permeable air voids of hard-
ened PCC mixtures with increasing the replacement ratio of the BBA. The permeable air voids 
were increased from 9.2% (control mixture) to 13.2% (mixture with 100% BBA replacement). 
The corresponding values for the water absorption were from 4% to 6%, respectively. The gran-
ular disorder caused by the non-optimal particle-size distribution of the BBA was the reason, 
which prevented achieving the maximum compactness. Hence, more voids were available for 
water penetration.  
Figure 3.11 presents the 28- and 91-day electrical resistivity results carried out on the PCC 
mixtures incorporating the BBA as well as the limits for concrete classifications according to 
the electrical resistivity. As expected, the PCC showed “very low” permeability concrete with 
electrical resistivity of 89 and 146 kΩ.cm. The incorporation of BBA in the PCC had no effect 
on the electrical resistivity at 28 days and small reduction at 91 days. For all tested mixtures 
with and without the BBA, the electrical resistivity values were in the “very low” permeability 
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category (between 87 and 146 kΩ.cm), indicating a low potential of chloride-ions penetration 
and other aggressive agents.  
  
Figure 3.11: Water absorption and air voids (left) and electrical resistivity (right) of PCC 
incorporating the biomass-bottom ash (BBA) 
3.3.4 Effect of combining BFA and BBA on fresh, hardened, and transport 
properties  
Based on the results discussed earlier, the RCC made with BBA required higher water amount 
to have a better distribution of the paste through the granular structure and obtain optimal com-
pactness. Therefore, an increased w/b of 0.35 was proposed for the RCC that combined both the 
BFA and BBA in this part of the study. 
As shown in Figure 3.12, the VBT of the RCC mixtures made with 50% BBA combined with 
10% and 20% of BFA needed 3 and 10 s VBT longer than the target value for the RCC (45 s). 
The control mixture required a VBT of 31 s. The density decreased by 1% and 5% for respective 
mixtures compared to the control. The control PCC mixture and the other three PCC mixtures 
incorporating 50% BBA with 0%, 10%, and 20% of BFA resulted in an almost linear increase 
in the VBT (Figure 3.12). The VBT for the four mixtures were 25, 37, 42, and 50 s, respectively. 
The three PCC mixtures surpassed the required practical range of 25 s. The density of concrete 
was reduced by about 2% to 3% with the addition of the BBA and BFA. The large specific 
surface area and higher internal friction forces of the granular structure of both BFA and BBA 
tended to increase the water demand and consequently reduce the compactness efficiency. 
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Figure 3.12: Fresh properties of RCC and PCC incorporating the biomass-fly ash (BFA) 
and 50% of the biomass-bottom ash (BBA) 
The compressive strength at 7, 28, and 91 days and the flexural strength at 7 and 28 days for the 
RCC and PCC that incorporate BFA and BBA are shown in Figure 3.13. The flexural strength 
for all mixtures is greater than the practical requirements of 5.5 MPa. The flexural strength of 
the PCC mixtures (37F00B50 and 37F20B50) were higher than the control mixture (37Control). 
However, the compressive strength of the RCC mixtures (35F10B50 and 35F20B50) decreased 
compared to the control (35 Control), it reached 44 and 41 MPa at 91 days, respectively. A 
similar trend was observed in the compressive strength of the PCC mixtures. The 37F10B50 
and 37F20B50 mixtures both achieved 42 MPa after 91 days of curing.  Part of the difference 
in the trend observed between compressive and flexural strength can be explained by a variation 
of compactness in the specimens during their fabrication.  
The water absorption and the permeable air voids of the PCC mixtures are shown in Figure 3.14. 
The 37F00B50, 37F10B50, and 37F20B50 mixtures with 0%, 10%, and 20% BFA showed rel-
atively no effect on the water absorption and the permeable air voids. The inclusion of 50% 
BBA slightly increased the permeable air voids by 1% and the water absorption by about 3.8% 
(37Control vs. 37F00B50). The use of 50% of BBA caused a pronounced shift in the particle-
size distribution of the entire mixture from the theoretical maximum compactness curve. This 
decreased the efficiency of the lubricant paste for an optimal compactness, leading to more air 
voids and porosity. 
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Figure 3.13: Compressive and flexural strengths of RCC and PCC incorporating the bio-
mass-fly ash (BFA) and 50% of the biomass-bottom ash (BBA) 
The electrical resistivity at 28 and 91 days of PCC made with 0%, 10%, and 20% BFA and 50% 
BBA are compared to the 37Control mixture in Figure 3.14. The permeability limits shown in 
the figure demonstrate that all tested PCC mixtures with and without ashes lied in the “very 
low” permeability region with a minimum of 59 and 107 kΩ.cm after 28 and 91 days of curing, 
respectively. The incorporation of BBA had no effect on electrical resistivity of PCC, as re-
markable from the 37Control vs. 37F00B50 mixtures. The use of BFA decreased slightly the 
electrical resistivity due to the BFA porous hydrates provided by the BFA hydration. 
 
Figure 3.14: Water absorption and air voids (left) and electrical resistivity of PCC incor-
porating the biomass-fly ash (BFA) and 50% of the biomass-bottom ash (BBA) 
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3.4 Conclusions 
The use of BFA as an alternative supplementary cementitious materials and BBA as an alterna-
tive sand in the RCC and PCC is a promising approach, in particular for recycling these by-
products and reducing the environmental footprint of the pulp and paper industries as well as 
cement industry. From a practical point of view, it is possible to make the RCC and PCC mix-
tures with 50% BBA and 10% or 20% of BFA with proper mechanical strength. However, these 
mixtures require higher compaction energy to meet the requirements of the fresh properties (i.e., 
longer VBT). Increasing the w/b could be another option to save the compaction energy when 
making such mixtures. For example, the RCC incorporating 10% or 20% of BFA and 50% of 
BBA can be made with a higher w/b of 0.37 to satisfy the VBT requirements. 
Based on the experimental investigation and the obtained results, the following conclusions can 
be drawn: 
1. The use of 10% of the BFA to replace cement has little effect on the Vebe time (VBT) 
of the RCC of PCC (lower than 1%). However, at replacement rates of 20% and 30%, 
the use of BFA leads to workability loss between 8 and 28% and density losses between 
2.5% and 5%. The physical characteristics of the BFA, such as its fineness, porosity and 
rough morphology increase the internal friction forces, resulting in higher energy de-
mand for the densification of concrete mixtures (Higher Vebe time). The effect is more 
critical in case of RCC with the lower w/b. 
2. The flexural strength of RCC and PCC that incorporate 10% and 20% BFA is suffi-
ciently high to meet the 7-days flexural strength required by the technical specifications 
(5.5 MPa). Flexural strengths between 5.5 MPa to 5.8 MPa were obtained for all RCC 
mixtures containing up to 20% of BFA. 
3. The compressive strength of the RCC and PCC decrease of 18% to 25% when 10, 20 or 
30% of the BFA is use to replace cement due to the lower compactness of concrete 
mixtures. Also, the formation of an expansive paste due to the presence of free lime 
(CaO) reduces the cohesion of the cementitious matrix. 
4. The water absorption and permeable air voids increase, while the electrical resistivity 
decreases for the RCC and PCC mixtures made with higher BFA content. This was due 
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to the formation of more porous, less homogeneous cementitious matrix and less com-
pacted granular structure when using the BFA. The rapid hydration of hydraulic and 
expansive compounds such as free lime and gypsum increases the porosity network in 
the mixtures. However, they remain highly impermeable to water, chloride ions, and 
other aggressive agents with electrical resistivity located between 50 and 150 kΩ.cm and 
water absorption rate under 5%. 
5. The replacement of natural sand by BBA decrease proportionally and almost linearly the 
workability of RCC and PCC. An increase of 50% of the Vebe time is measured when 
50% of the BBA are incorporated to the concrete mixtures. The BBA cause a granular 
disorder in the particle-size distribution, which generate higher porosity and higher water 
demand. Also, the replacement of the natural sand by the BBA increases fine particles 
fraction (fineness modulus of 2.54 and 1.44, respectively) which reduces the amount of 
available water for coating all the particle surfaces.  
6. For both RCC and PCC, the use of 50% and 100% of the BBA generally decreases the 
mechanical properties of 18% to 23% due to their stiffening effect, which reduces the 
compaction efficiency. This effect is more pronounced in the RCC than PCC because of 
lower available content of cement paste in the concrete mixtures due to lower water 
content. 
7. Full compactness of materials is the key factor for achieving good mechanical proper-
ties. However, it was controlled by a visual inspection during the laboratory experimen-
tation, which may give variations in the results. 
8. The disorder generated by the use of the BBA to replace the sand in RCC granular dis-
tribution results in higher water absorption of 4% and air voids of 2%. The use of BBA 
has no effect on the electrical resistivity of the mixture. 
9. The RCC and PCC mixtures can be designed with the combinations of 50% of the BBA 
and 10% or 20% of the BFA with desirable mechanical performances for practical uses. 
However, these mixtures require higher compaction energy to meet the requirements of 
the fresh properties (i.e., longer VBT).  
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Contribution au document :  
Cet article est une extension de l’article présenté au chapitre 3. Tandis que le chapitre 3 se con-
centre sur les travaux d’optimisation en laboratoire des formulations des BCR et BCP incorpo-
rant des CVB et CGB, ce chapitre traite des travaux de validations en chantier des formules 
optimales mises à jour au chapitre 3. Ces formulations ont été mises à l’essai à l’aide de la 
construction d’une dalle d’entreposage en BCR de 0,3 m d’épaisseur et de 792 m² de superficie. 
Cet article présente d’abord les travaux d’optimisation en laboratoire des formulations de BCR 
incorporant cendres volantes de biomasse (CVB) et des cendres grossières de biomasse (CGB) 
non décrits au chapitre 2. Puis, il décrit l’ensemble des travaux de la construction d’une dalle 
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d’entreposage en BCR formulé à l’aide des teneurs optimales mises à jour au chapitre 3. Les 
matériaux utilisés, le programme expérimental, les résultats, l’analyse des travaux de cette sec-
tion y sont présentés. Les résultats concernent les propriétés à l’état frais (maniabilité, masse 
volumique), les propriétés mécaniques (résistance à la compression et à la flexion) et les pro-
priétés de transport (absorption à l’eau, vides perméables, résistivité électrique) de mélanges 
moulés au chantier. Les performances mécaniques et de transport de carottes prélevées sur la 
dalle à 28 et 308 jours, sa déformation isothermique ainsi que sa température interne y sont 
également présentées. Cet article présente également la théorie d’autres travaux semblables. 
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UTILISATION DE CENDRES VOLANTES ET GROSSIÈRES DE 
BIOMASSE DANS LA CONSTRUCTION D’UNE DALLE D’EN-
TREPOSAGE EN BCR 
 
Résumé en français 
Le béton compacté au rouleau (BCR) est largement utilisé dans les barrages et les pavages in-
dustriels. L'utilisation de sous-produits industriels tels que les cendres volantes de biomasse 
(CVB) et les cendres grossières de biomasse (CGB) dans la production de BCR est une approche 
prometteuse de points de vue économiques et environnementaux. Les travaux en laboratoire ont 
montré que des mélanges contenant 10%CVB+50%CGB et 20%CVB+50%CGB avec un rap-
port eau-liant de 0,35 peuvent atteindre une maniabilité et une résistance à la flexion à 7 jours 
prescrites. Ces deux mélanges de BCR ont été sélectionnés pour une évaluation in situ grâce à 
la construction d'une dalle d’entreposage d'une superficie de 792 m² et 0,3 m d'épaisseur. Les 
propriétés à l’état frais, les déformations isothermes, les températures internes et les propriétés 
mécaniques jusqu'à 308 jours ont été mesurées. Des carottes ont été prélevées dans les deux 
mélanges de la dalle à 28 et 308 jours pour un suivi du comportement de ceux-ci avec le temps. 
La résistance à la compression des carottes à l'âge de 308 jours a atteint 32,9 et 30,4 MPa pour 
les deux mélanges testés, respectivement. Finalement, la construction de la dalle a permis de 
valoriser 21 tonnes de CVB et 88 tonnes de CGB, ce qui contribue significativement à la réduc-
tion des émissions de gaz à effet de serre associés à la production de la dalle (réduction de ciment 
et de granulats naturels) et dans les gestions des matières résiduelles de l’industrie des pâtes et 
papiers (réduction de déchets à enfouir).  
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PRODUCTION OF RCC USING BIOMASS FLY AND BOTTOM 
ASHES: FROM LABORATORY TO FIELDWORK 
 
Abstract 
Roller-compacted concrete (RCC) is widely used in different application including pavement 
and dams. The use of by-products such as biomass-fly ash (BFA) and biomass-bottom ash 
(BBA) in RCC production is a promising approach regarding economic and environmental pur-
poses. Laboratory investigation showed that two mixtures containing 10%BFA+50%BBA and 
20%BFA+50%BBA with a water-to-binder ratio of 0.35 can meet the required consistency and 
7-day flexural strength. These two RCC mixtures were selected for an in situ assessment through 
the construction of a storage slab with an area of 792 m² and 0.3 m thick. Fresh properties, 
isothermal deformation, internal temperature, and strength up to 308 days were measured. Core 
samples were cut from the slabs at age of 28 and 308 days for follow-up of the concrete behavior 
with time. The compressive strength of the cores at an age of 308 days reached 32.9 and 30.4 
MPa for the two tested mixtures, respectively. Finally, the construction of the slab has allowed 
the recycling of 21 tonnes of BFA and 88 tons of BBA, which significantly contributes to the 
reduction of greenhouse gas emissions associated with the production of the slab (cement and 
natural aggregates consumption reductions) and the managements of waste from the pulp and 
paper industry. 
4.1 Introduction 
The roller-compacted concrete (RCC) for pavement applications began in the 1970s when the 
Canadian logging and the pulp and paper industries needed an economical and durable pavement 
to withstand the heavy loads from the specializing equipment on its large storage areas or log-
ging roads [Reid et Marchand, 1997]. Nowadays, the pulp and paper industry remains a major 
user of RCC. Moreover, various recycled materials not meeting requirements for conventional 
concrete have been used successfully in RCC as alternative supplementary-cementitious mate-
rials (ASCM) and/or fillers in the cementitious materials systems or in granular structures [Mal-
hotra, 1994]. Such materials in RCC mixtures can help to obtain optimal compactness and max-
imum density and/or participate in the densification of the cement matrix by generating denser 
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C-S-H gel, which increases strength and improve durability properties [Marchand et al., 1996; 
Atis, 2005]. Consequently, apart from the highly commercialized ASCM, other industrial by-
products can be used either as ASCM for cement or alternatives to sand and aggregate. These 
materials are such as the by-product materials from the cogeneration plants of the pulp and paper 
industry. 
The cogeneration by-products are generated from the inorganic constituents of the biomass 
burnt on bed fluidized boiler to produce thermal and electrical energy. The biomass-fly ash 
(BFA) and the biomass-bottom ash (BBA) are two examples of these by-products that can be 
distinguished according to their physical characteristics. The BFA is the finest ash with a 
maximum particle size of 100 µm and the BBA is distinguished by its coarser particle sizes 
(greater than 1 mm) [Ayrinhac, 2005]. The BFA and BBA show wide range of particle size 
distributions and compositions, which makes the interactions with cement or granular materials 
difficult to predict. Their physicochemical and mineralogical characteristics vary according to 
the heat treatment, the composition of the sludge and the rate of cooling. Exhaustive character-
ization studies of BFA have been carried out since the 2000s [Pera et Amrouz, 1998; Pera et 
Ambroise, 1999; Pera et Ambroise, 2000; Kinuthia et al., 2001; Bai, 2003; Chahidi-Elouazzani, 
2005; Mozaffari et al., 2009; Xie, 2009; Roby, 2011; Gluth et al., 2014; Davidenko, 2015]. 
Recently, Lessard et al. (2016) have incorporated successfully in laboratory these ashes in RCC 
mixtures. This development would reduce the amount of waste ashes to landfill and reduce the 
costs of infrastructure. The authors showed that RCC mixtures made of 50% of BBA (370 
kg/m³) by mass relative to the sand and 10% or 20% of BFA (30 kg/m³ or 60 kg/m³) by mass 
relative to the cement, a water-to-binder (w/b) of 0.35 and a binder content of 300 kg/m³ can 
satisfy the practical requirements in terms consistency with higher flexural strength of 23% and 
29%. The incorporation of such materials participates in the densification of the granular struc-
ture and cement matrix which are also important factors for enhancing cohesion and compaction 
[Husken et Brouwers, 2012].  
According to Mehta and Monteiro (2013), despite the extensive research on optimizing RCC 
mixtures in the laboratory, there is yet no accepted methodology to reproduce the field condi-
tions when preparing the laboratory samples. Therefore, most laboratory optimization work 
must be validated in situ using representative earth and rock fill construction equipment and 
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exposed conditions. For example, a fast continuous-mixing pugmill is usually used for mixing 
the RCC. This particular mixer can provide homogeneous mixing with high consistency mix-
tures and is typically installed near construction sites to reduce the evaporation of water during 
transport. Thereafter, the fresh RCC is usually transported by end-dump or bottom-dump trucks, 
placed by a modified asphalt paver in layers of 0.15 to 0.45 m in thickness. The placed RCC is 
compacted within 40 min after spreading using appropriate vibrating roller-compacters to 
achieve maximum compactness and uniform surface finish [Malhotra, 1994]. Amer et al. (2008) 
has demonstrated that significant loss of strength and frost resistance occur when RCC’s density 
drops below 96%. They conclude that mechanical properties and freeze-thaw resistances in-
crease when RCC has a higher density due the proper compaction and the reduction of voids. 
The RCC in fieldwork conditions should also be given appropriate curing treatment after place-
ment to prevent evaporation of essential surface water since RCC has no bleed water. Finally, 
for large paved surfaces using RCC, such as industrial sites, a square jointing pattern of saw 
cuts of a quarter of the pavement depth is normally required within one to four hours after final 
compaction to control random cracking. The spacing between these saw-cuts is normally 4.5 to 
7.0 m. Thus, an enormous difference can exist between laboratory- and field-RCC productions. 
Mixtures developed in laboratory must be validated by means of in situ investigations. As part 
of acceptance of new materials in concrete construction, the standards, such as the Standard 
practice CSA 3004-E1 for using ASCM in concrete, require at least three-year performance of 
the material in field projects. 
This paper presents laboratory optimization of RCC mixtures and two slab casting in the field. 
This work is an extension of the work carried out in Lessard et al. (2016). A RCC mixture 
containing 50% of BBA, by mass, as replacement of natural sand that has been recommended 
by the authors was used as starting mixture for the current research. 
Fresh properties (Vebe time (VBT) and unit weight) and mechanical properties (compressive 
and flexural strengths) up to 91 days for all RCC mixtures were evaluated. The paper presents 
also the assessment of in situ behavior of two optimized RCC mixtures through the construction 
of a storage slab of 792 m² and 0.3 m in thickness using standard practice. Rates of cement 
replacement of 10% and 20% by BFA were used, both with 50% of BBA and a respective w/b 
of 0.43 and 0.35. The fieldwork took place on November 11th, 2014. The characterization of the 
two RCC mixtures used in the slab casting were carried out using sampled specimens at time of 
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(4.1) 
casting and cured in laboratory. Core samples were extracted from the slab at 28 and 308 days 
for following the behavior with time. Fresh, hardened and transport properties of those RCC are 
presented in this paper. 
4.2 Experimental procedures 
4.2.1 Mixture proportions 
Table 4.1 shows seven RCC mixtures designed for laboratory optimization and two other mix-
tures for the in situ investigation. For all mixtures, proportions of the granular materials were 
determined in order to have optimal compactness by reaching as closely as possible the maxi-
mum density curve equation developed by Fuller and Thompson (Equation 4.1) [Marchand et 
al., 1997].  
 
100)/( 45.0 ×= DdP  
 
where P (in %) is the percentage of passing particles under sieve size opening (d in mm). All 
RCC mixtures were made with coarse aggregates of maximum size of aggregate (D in mm) of 
14 mm. 
A binder content (cement + BFA) of 300 kg/m³ was selected based on the optimal paste volume 
method for air-entrained RCC [Houehanou, 2004] and as recommended in the work of Lessard 
et al. (2016) for RCC containing high rates of biomass ashes. This high cement paste content is 
required when using BFA or BBA to secure required fresh properties and to reach optimum 
mechanical performance because of the physicochemical properties of the BBA and BFA tend 
to decrease compactness and consistency when incorporated.  
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Table 4.1: RCC mix designs used in laboratory and field work 
Mixture name w/b 
Water Cement 
Biomass- 
fly ash 
Biomass-
bottom ash 
Sand 
Aggre-
gate 
5-14mm 
AEA WRA 
kg/m³ 
mL/100 kg of 
binder 
L
ab
or
at
or
y 
R
C
C
 
35F10B50 0.35 105 270 30 368 368 1311 400 250 
35F20B50 0.35 105 240 60 368 368 1311 400 250 
35F30B50 0.35 105 210 90 368 368 1311 400 250 
37F20B50 0.37 111 240 60 368 368 1311 400 250 
40F20B50 0.40 120 240 60 368 368 1311 400 250 
43F20B50 0.43 130 240 60 368 368 1311 400 250 
Fi
el
d 
R
C
C
 
W-43F10B50 0.43 130 270 30 375 375 1307 134a 86a 
E-35F20B50 0.35 105 241 60 382 382 1287 230a 190a 
aMechanical problems have affected the supply of the admixture for in-situ RCC 
The BFA and BBA were used to replace the cement and the sand, respectively, based on their 
mass. For high rates of BBA, adjustments of the amounts of aggregates were needed to repro-
duce as closely as possible the Fuller-Thompson curve. As shown in Figure 4.1, adding 50% of 
BBA increase square deviation from the Fuller-Thompson compared with 0% of BBA (197 to 
316) which indicates a decrease of compactness of the granular structure. Lessard et al. (2016) 
have demonstrated that RCC mixtures with 50% of BBA, a binder content of 300 kg/m³, and a 
w/b of 0.35 meets the performance-oriented criteria of technical specifications reaching a flex-
ural strength over 5.5 MPa and an adequate consistency. Thus, all RCC mixtures in the current 
study were designed with 50% of BBA, 300 kg/m³ of paste, and a minimum w/b of 0.35.  
 
Figure 4.1: Particle-size distribution of RCC granular materials containing 0% and 50% 
biomass-bottom ash (BBA) replacement levels of sand 
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The optimization of the BFA content with 50% of BBA and a w/b of 0.35 was conducted using 
replacement rates of cement by BFA of 10%, 20%, and 30%. The water content optimization 
was done with a mixture containing 20% of BFA and 50% of BBA. The w/b evaluated were 
0.35, 0.37, 0.40 and 0.43. The VBT target was about 45 ± 5 s, as suggested for the air-entrained 
RCC [Faubert, 2012]. The RCC mixtures used in the laboratory optimization were made with a 
water-reducing agent (WRA) with a 250 mL/100 kg of binder and air-entraining agent (AEA) 
with 400 ml/100 kg of binder. The necessity of entrained air bubbles in RCC mixtures is to 
produce a proper protection against the possible frost-induced micro-cracking and deicing salt-
scaling. Nevertheless, Houehanou (2004) demonstrated that adding AEA in RCC mixtures has 
important effects on consistency and compactness since the volume of air bubbles increases the 
volume of paste which facilitates the compaction. In addition, a low air content of 2% to 3% has 
no negative impacts on compressive strength. These air bubbles can allow a reduction of the 
cement content of 25 to 30 kg/m³ for the same consistency, which lead to considerable cost 
savings of RCC production [Houehanou, 2004].  
As shown in Table 4.1, laboratory mixture names contain two letters and three numbers. The 
first number indicates the w/b used in the mixture. The first letter (F) and the following number 
indicates the BFA replacement and its rate (e.g. F10 means 10% BFA replacement of cement). 
The second letter (B) indicates the sand replacement by the BBA and its rate (e.g. B50 means 
50% of replacement of sand replacement by BBA). 
The two RCC mixtures with cement replacement rates by BFA of 10% and 20%, both with a 
binder content of 300 kg/m³, and 50% of sand replacement rate by BBA were recommended to 
cast the two slabs in the field, based on the laboratory optimization. Those two mixtures were 
named E-43F10B50 (Eastern strip) and W-35F20B50 (Western strip). However, more water 
was added by the concrete provider during the placement because of a technical problem that 
occurred for the admixtures feed pumps during batching. The latter has affected the w/b, WRA, 
and AEA contents of both mixtures, as detailed in Table 4.1. The final w/b, WRA, and AEA 
contents of the E-43F10B50 mixture were 0.43, 86 ml/100 kg of binder and 134 ml/100 kg of 
binder. The corresponding values for the W-35F20B50 were 0.35, 190 ml/100 kg of binder and 
234 ml/100 kg of binder, respectively. 
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4.2.2 Materials  
General aspects of the investigated BFA is shown in Figure 4.2. The BFA was porous and 
mainly contained angular particles of rough textures and few spherical particles with smooth 
surfaces, as illustrated in the micrograph in Figure 4.2C. Black carbon particles were also de-
tected. Table 4.2 presents a summary of physical properties and chemical compositions of the 
cement, BFA and BBA used in RCC mix design both in laboratory and field works. This com-
position resulted from the combustion products of the deinking sludge, sludge, wood chips, 
barks, etc. The high content of calcium oxide under hydraulic phases such as anhydrite, gypsum, 
and free lime suggested that the BFA could have potential hydraulic properties to be further 
amplified by the reactivity of its crystalline and glassy calcium-aluminate phases [Davidenko, 
2015]. The sum of aluminum oxide, iron oxide, and silica (the main elements responsible of 
pozzolanic reactions if it is in amorphous form) in the BFA was 38.5%, which was lower than 
in other classical mineral admixtures. The BFA had a density of 2720 kg/m³, a loss on ignition 
(LOI) of 2.8%, and a Blaine fineness of 981 m2/kg, as shown in Table 4.2. The particle-size 
distribution of the BFA illustrated in Figure 4.3 had a mean particle-size diameter (d50) of 42 
μm and about 52% of the particles retained on 45 μm sieve. The X-ray diffraction (XRD) anal-
ysis of the BFA (Figure 4.4) pointed out that it could be distinguished as crystalline forms be-
cause of its close and distinctive peaks. Figure 4.4 shows a complex mineralogical composition 
composed of anhydrite, quartz, calcite, free lime, anorthite, gelignite, tricalcium aluminate 
(C3A), portlandite, and gypsum. The sulfur content of BFA (7.8%) was also higher than the 
ASTM C618 and CSA A3004-E1 requirements of 5%. This high sulfur originated from the fuel, 
construction and demolition materials, rubber, etc. used in the production process. However, the 
CSA A3004-E1 can allow exceeding this limit if the results of expansion tests due to the internal 
sulfate attack are acceptable. Davidenko (2015) demonstrated that the use of 20% of BFA in 
ordinary concrete showed less expansion than CSA limits. 
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Figure 4.2: Biomass-fly ash: A) general aspect; B) microscopic view at 5x; and C) micro-
scopic view at 2000x 
The general aspect and morphology of the BBA (Figure 4.5) presents a variety of angular shapes 
and rough textures. Moreover, similar to the BFA, black and striated carbon particles can be 
also observed (Figure 4.5E). Each particle, therefore, has a high porosity, which explains their 
high absorption rate of 5.25%, compared with 1.3% for the sand. Although the dosage and the 
properties of the biomass used for combustion and producing the BFA and BBA were the same, 
different thermal conditions applied for the BBA resulted in different chemical and physical 
characteristics. As shown in Figure 4.3, the particle-size distribution of the BBA appears to be 
finer than the natural sand fineness modulus with values of 1.44 and 2.54, respectively. 
 
Figure 4.3: Particle-size distribution of individual materials used in RCC mixtures 
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A binary blended Type GUb-SF cement was used for both laboratory and in situ investigation. 
Slight difference was observed between cement batches used in laboratory compared with that 
used in field. The proportions of silica fume in those cements were 8.7% and 7.5% and the 
proportions of Type GU cement were 91.3% and 92.5% for the cement used in laboratory and 
field, respectively. Their physical properties and chemical analysis are listed in Table 4.2 and 
their particle-size distributions in Figure 4.3. Their unit weight and Blaine fineness were 3.1 and 
621 m²/kg and 3.1 and 553 kg/m³, respectively. A natural siliceous sand and crushed limestone 
aggregates with D of 10 mm and 14 mm were used. Their particle-size distributions (Figure 4.3) 
are within the CSA A.23.1 recommended limits, their bulk densities are between 2.61 and 2.78 
and their absorption rates between 0.28% and 1.30%. All laboratory and in situ concrete mix-
tures were designed with WRA and AEA. The solid contents of both admixtures are 28.5% and 
5.0%, and unit weights are 1.150 and 1.007, respectively. The WRA and AEA meet the require-
ments of ASTM C494 and ASTM C260, respectively.  
Table 4.2: Chemical and physical properties of Type GUb-SF cement, biomass-fly ash 
(BFA), biomass-bottom ash (BBA), and sand used in laboratory and field work 
 
Items 
Laboratory 
work 
Type GUb-SF 
cement 
Field work 
Type  
GUb-SF 
cement 
Biomass-fly 
ash 
Biomass-bot-
tom ash 
Sand 
C
he
m
ic
al
 p
ro
pe
rt
ie
s 
CaO (%) 54.3 54.7 42.1 23.7 - 
SiO2 (%) 24.8 23.0 22.2 44.8 - 
Al2O3 (%) 4.3 4.5 12.7 11.5 - 
SO3 (%) 4.3 4.1 7.8 4.6 - 
Fe2O3 (%) 2.9 3.4 3.6 4.8 - 
MgO (%) 2.2 2.3 2.4 2 - 
K2O (%) - - 0.8 2 - 
Na2O (%) - - 0.6 1.8 - 
Na2Oeq (%)* 0.8 0.97 1.1 3.1 - 
Others (%) 3.8 3.9 5.1 2.9 - 
CaOlree (%) 1.5 1.4 3.0 0.7 - 
LOI (%) 2.6 3.1 2.8 1.9 - 
SiO2+Al2O3+Fe2O3 (%) - - 38.5 61.1 - 
Ph
ys
ic
al
 
 p
ro
pe
rt
ie
s 
Density (kg/m³) 3100 3100 2720 2310 2610 
Blaine fineness (m²/kg) 621 553 981 - - 
Retained 45 µm (%) 5 4 51.9 95.0 - 
d50 (µm) - - 42.3 350 650 
Absorption(% by mass) - - - 5.25 1.30 
Fineness modulus - - - 1.44 2.54 
 *Na2Oeq = 0.658K2O + Na2O 
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4.2.3 Testing procedures 
The consistency of laboratory mixtures was determined using the Vebe test. In the Vebe test, a 
13.4 kg of fresh concrete is placed in a cylindrical container under a calibrated mass of 23.2 kg, 
then maintain the setup on a vibrating table till consolidation. The VBT was taken from the 
beginning of the vibration until a cement paste layer appeared on the surface and form a ring of 
paste around the base of the overhead load. This indicates the movement of the cement paste 
through the granular structure till the surface. For practical considerations (placement method, 
mechanical properties, durability properties, and cost), a VBT of 45 ± 5 s is recommended for 
RCC [Faubert, 2012].  
The unit weight of the dry mixture was measured according to the procedures prescribed in 
ASTM C231 with few modifications to comply with the needs of the dry compacted concrete. 
The concrete was poured in a 7.0 L cylindrical mold in three layers. Each layer was consolidated 
by posing a mass of 17.3 kg on its top surface, then using a vibrating table for a period equals 
to the VBT determined earlier when measuring the consistency. The unit weight was obtained 
by dividing the sample final mass by the container volume (7.0 L). 
Compressive strength specimens were produced using PVC cylindrical molds measuring 150 
mm in diameter and 300 mm in height placed in steel cylinders, as outer solid case, to avoid 
distortions due to the compaction. According to ASTM C 1435, each cylinder was filled in four 
layers, where each layer was compacted using an electrical vibrating hammer of a circular 
tamping plate of a diameter of 140 mm. The compaction was applied until the mortar forms a 
ring around the total perimeter of the tamping plate, indicating full compaction. The compres-
sive strength was measured as an average of three cylinders at 7, 28, and 91 days in accordance 
with ASTM C39. 
Flexural strength specimens were prepared using prismatic steel molds measuring 100 x 100 x 
400 mm. The prisms were cast in two layers. Each layer was compacted with an electrical vi-
brating hammer having a square tamping plate of 100 mm. Again, the compaction was applied 
until a thin layer of mortar forms on the surface. The flexural strength was measured as an 
average of two prisms at ages of 7 and 28 days according to ASTM C78. Although, the standards 
have not specified the minimum required mechanical strength for the RCC, several technical 
66  CHAPITRE 4 
 
specifications require a minimal flexural strength of about 5.0 to 5.5 MPa at 7 days. In the cur-
rent research, the 5.5 MPa value was considered. All RCC mixtures were demolded after 24 
hours and cured according to ASTM C192 until testing. 
Water absorption and air voids of hardened RCC were measured after 28 days of curing, ac-
cording to ASTM C642.  
The electrical resistivity was measured on RCC samples at an age of 28 and 91 days by applying 
an electrical current through two electrodes attached to the concrete specimen ends (two elec-
trodes method). The specimens used were 150x300 mm cylinders. 
Core samples of 100 mm in diameter and about 250 mm in length were randomly extracted from 
the slabs at age of 28 and 308 days to characterize the in situ mechanicals and transport proper-
ties. Compressive strength (ASTM C39), splitting-tensile strength (ASTM C496), modulus of 
elasticity (ASTM C469), electrical resistivity, water absorption, and air voids in the hardened con-
crete (ASTM C642) of the two in situ RCC strips were evaluated. 
4.2.4 Sequence of RCC placement in field 
The fieldwork took place on November 11, 2014. It consisted of constructing on a storage slab 
of 792 m² (18 x 44 m) with a single 300-mm thick layer on a granular substrate compacted to 
more than 98% modified Proctor density (MPD). The slab was constructed in two stripes of 9.0-
m width each. As shown in Figure 4.6A, in situ RCC mixtures were batched in a mobile pugmill 
plant located 200 meters far from the construction site (Figure 4.6B). The RCC mixtures were 
transported to the slab location using dump trucks to a modified asphalt-paver (Figure 4.6C), which 
was used to pre-compact and provide proper leveling and thickness of concrete. A vibration-wire 
gauge was installed in the middle of each strip and connected to a data-acquisition system to 
measure slab internal deformation and temperature for the first 15 days. A steel drum vibratory-
roller compactor (Figure 4.6D) was used to give the final compaction of the RCC (more than 98% 
MPD) and to give uniform and smooth surface finishing (Figure 4.6E). In situ RCC slabs were 
cured using a white-pigmented membrane-forming compounds meeting ASTM C309 in order 
to reduce the loss of water during the early-hardening period and the temperature rise in the slab 
due to radiation from the sun. A square jointing pattern of saw cuts of 3-mm depth spaced by 
five meters was realised. The final look of the fieldwork is shown in Figure 4.6E and F.  
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Figure 4.6: Sequence of placement of the in situ RCC: (A) mobile concrete plant (pug-
mill); (B) MG20 and MG112 foundation (98% MPD); (C) placement of RCC with a 
modified asphalt-paver; (D) steel-drum vibratory roller compactor; (E) surface texture 
after compaction up to 98% MPD; (F) saw cuts (7m c/c), white curing agent and final 
look of the slab   
 
A) B) 
C) D) 
E) F) 
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4.3 Results and Discussion 
4.3.1 Laboratory optimization 
Optimizing BFA content 
The 35F10B50, 35F20B50, and 35F30B50 RCC mixtures designed with a constant 50% BBA 
replacement to sand and containing 10, 20%, and 30% BFA replacement rates to cement are 
discussed here. As shown in Figure 4.7 with dotted line, using a 10% BFA replacement rate 
allowed to reach a consistency close to target consistency for RCC applications with a VBT of 
48 s and a density of 2390 kg/m³. On the other hand, using replacement rates of 20% and 30% 
decrease the compactness of the mixtures due to the decrease of 3.6% and 4.8% in the density 
despite reaching higher VBT of 14.6% (55 s) and 35.4% (65 s), respectively, compared with the 
35F10B50 mixture. Those VBT exceed the VBT superior target for RCC application (50 s) by 
10% and 30%. As shown in Lessard et al. (2016), the use of BFA replacement of 20% and 30% 
leads to significant increase of the VBT, but with decrease in compactness due to the physico-
chemical characteristics of the BFA. For a given mass, the number of fine particles as well as 
the total specific surface area of the system rise due to differences in densities between GUb-SF 
cement and BFA (3100 vs. 2720 kg/m³) and Blaine fineness (621 vs. 981 m²/kg), respectively. 
Also, the BFA particles absorb more water and faster than other typical cementitious materials 
such as Portland cement which reduce the effective w/b and the available water for lubrication 
of the aggregates [Mozaffari et al., 2009; Davidenko, 2015; Xie, 2009]. Part of the VBT increase 
was attributed to the fast setting of the free lime found in the BFA producing voluminous crys-
talline phases of portlandite (Ca(OH)2) [Bai et al., 2003; Chaipanich et al., 2005] and to the high 
LOI of the BFA which tends to increase the water demand for a given consistency [Mehta et 
Monteiro, 2013].  
Regarding the mechanical performance presented in Figure 4.8, mixtures containing 10% and 
20% BFA replacement rate exceeded the 7-day flexural strength target of 5.5 MPa by 16.4% 
and 7.0%, respectively, while 30%-rate had lower strength of 1.1 MPa. The 28-day flexural 
strength values obtained were 7.0, 6.7 and 6.2 MPa for the 10%, 20% and 30% replacement 
rates, respectively. Compressive strength was slightly influenced by increasing the replacement 
rate of BFA. For example, the 28-day compressive strength at 10%, 20%, and 30% BFA re-
placement rates were 32.3, 29.2 and 28.4 MPa. The decrease in mechanical strength can be 
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Figure 4.10: Optimization of w/b with RCC mixtures containing 20% of biomass-fly ash 
and 50% of biomass-bottom ash regarding compressive strength (left) and flexural 
strength (right) 
4.3.2 In situ RCC characterization using samples taken at time of casting and 
cured in laboratory 
Fresh properties 
As presented in Figure 4.11, the consistency of the W-43F10B50 and E-35F20B50 strips met 
the target VBT with values of 45 and 40 s and similar densities of 2263 and 2264 kg/m³, respec-
tively. The consistency of the E-43F10B50 strip was found stiffer than that of the W-43F20B50 
strip despite its higher w/b (0.43 against 0.35). The amount of water was adjusted batch to batch 
within the same strip in the pugmill based on the visual moisture analyzis. The w/b values given 
in Table 4.1 were taken as an average of the total amount of cement, BFA, and water used for 
each strip regardless the slight variations between batches. It has been proven that higher BFA 
content increases the stiffening effect resulting in high VBT values; however, the densities re-
mained similar [Lessard et al., 2016]. 
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Figure 4.12: Hardened properties of in situ RCC: compressive strength (left) and flex-
ural strength (right) 
Slab deformation using vibration-wire gauges 
The first 15-day isothermal deformation and the internal temperature of the two RCC strips were 
measured using the vibrating wire gauges. As shown in Figure 4.13, significant expansion oc-
curs in both strips in the first 24 hours. The strip containing 10% and 20% BFA rated exhibited 
deformation of 270 and 360 µm/m, respectively. Such expansion was not reported in Lessard et 
al. (2016) work nor noticed in laboratory optimization work. Fieldwork conditions such as out-
door temperature, mixing, water content, admixtures, materials, placing methods, etc. can ex-
plain part of unlisted interactions. 
As shown in Figure 4.13, the eastern strip had higher internal heat than western one in the first 
day. This can be related to the time of the day in which the strips were cast. The W-43F10B50 
was firstly placed at an outside temperature of 6 °C while the E-35F20B50 was placed 2 hours 
later at an outside temperature of 14°C. Additionally, the early and quick hydration of the cal-
cium hydroxide related to the early expansion can explain the slight variation of the internal 
temperature. 
The ambient temperature (Figure 4.14) decreased during the first night of casting to 0°C and 
reached negative temperatures during nights starting from the second night from casting. This 
showed a negative impact on hydration and strength gain, as explained in the next section. 
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Figure 4.13: Isothermal deformation (left) and internal temperature (right) of the slabs  
 
Figure 4.14: Ambient temperature during the first week from slabs casting    
Figure 4.15 and Figure 4.16 show the energy dispersive spectroscopy (EDS) analysis on the 
SEM performed on samples taken from each slab. Both spectra confirm the presence of calcium, 
aluminum and sulfur associated to delayed ettringite formation (DEF). The formation of DEF 
might be related to high sulfur content of BFA and/or BBA from raw materials. These expansive 
products generate pressure up to 350 MPa on the hardened paste leading to cracking of the 
concrete. Figure 4.15 demonstrates that the expansion of DEF contributes to the microcracking 
of the paste, affecting the mechanical properties of concrete. Besides, it is reported that the use 
of BFA in ordinary concrete tends to create swelling due to the expansive nature of hydration 
products of BFA producing voluminous crystalline phases of portlandite (Ca(OH)2) [Bai et al., 
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2003; Mozaffari, 2009; Xie, 2009; Roby, 2012; Davidenko, 2015]. Nevertheless, no significant 
surface distortion or cracks were observed on the whole slabs and saw cuts were still opened.  
 
Figure 4.15: DEF observed on SEM: A) western slab (W-43F10B50); B) eastern slab (E-
35F20B50)  
 
 
Figure 4.16: X-ray spectroscopy spectra for (A) point 1 in Fig. 4.15A, and (B) point 2 in 
Fig. 4.15B 
4.3.3 In-situ RCC properties using core samples 
Hardened properties 
Hardened properties of in situ RCC using core samples are shown in Figure 4.17. The W-
43F10B50 and the E-35F20B50 slabs had the same compressive strength values reaching 19.6 
and 18.0 MPa, respectively, but were lower than the 28-day values obtained from the laboratory-
cured sample (greater than 28 MPa). However, cores taken at an age of 308 days showed sig-
nificant increase of 32% and 31% to reach average values of 32.9 and 30.4 MPa, respectively. 
As generally noticed with RCC, significant variations of the compressive strength results were 
obtained from a location to another. For example, the three 308-day compressive strength values 
on core samples of the E-35F20B50 slab were 22.9, 27.9 and 40.5 MPa, and the cores tested for 
2 
1 
A) B) 
Point 1 Point 2 A) B) 
76  CHAPITRE 4 
 
the W-45F10B50 had 35.4, 39,1 and 24,3 MPa. Such variations are shown with error bars in 
Figure 4.17. These results suggest enormous disparities in the mechanical properties along the 
slabs because of the variations of the compactness and the uniformity of the paste distribution. 
 
Figure 4.17: Hardened properties of in situ RCC measured on cores taken a 28 and 308 
days: compressive and splitting-tensile strength (left); modulus of elasticity (right) 
The low early mechanical properties measured on core samples compared with laboratory-cured 
samples are mainly attributed to the difference in ambient temperature. As shown in Figure 4.14, 
the outdoor temperature dropped under 0°C after 48 hours which has significantly slowed the 
kinetic of hydration of the cement particles, frozen part of the available water for cement hydra-
tion and, as a result, stopped any mechanical gains. The kinetic of hydration of the cement is 
significantly affected by the curing temperature at early ages and is optimal around 15 to 20°C 
[Mehta et Monteiro, 2013]. Afterward, when the ambient temperature raised to be around 5 to 
15°C, water was accessible for unhydrated cement particles to resume hydration in both RCC 
stripes, which explain the late 30% gain in the strength. The 28- and 308-day compressive 
strength of RCC strip containing 20%-rate (E-35BF20B50) of BFA were slightly lower than 
10%-rate (W-43F10B50) which was also observed in laboratory work and in Lessard et al. 
(2016) work. Finally, dry mixtures such as RCC are not governed by Abram’s law, thus the 
higher w/b of the western strip has not played any significant role on mechanical properties but 
increased the ease of compactness of the RCC. 
The splitting-tensile strength measured at 308-day on core samples taken from the western and 
eastern strips were 3.84 and 3.73 MPa (Figure 4.17), respectively, which correspond to the same 
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conclusion as the compressive strength regarding BFA content. The modulus of elasticity of the 
mentioned strips at an age of 308 days were found in the range of typical RCC [Malhotra, 1994] 
shown with dotted lines in Figure 4.17 (18-30 GPa). The corresponding values of the elastic 
modulus were 25.2 and 28.1 GPa. 
Transport properties 
Figure 4.18 shows the water absorption, air voids and electrical resistivity of the two in situ 
RCC mixtures. The W-43F10B50 and the E-35F20B50 308-day core samples had respectively 
6.6% and 6.0% water absorption rate, and 17.7% and 18.0% of air voids. The BFA content and 
water content have relatively no significant effect on the water absorption and the permeable air 
voids of RCC. Those properties seem to be more influenced by the compactness of the mixtures. 
 
Figure 4.18: Transport properties of in situ RCC measured on cores: water absorption 
and air voids at 308 days (left); electrical resistivity at 28 and 308 days (right) 
The corresponding 28-day electrical resistivity of both strips were in the “High” permeability 
region with 4.22 and 4.04 kΩ.cm but reached the “low” permeability region for the W-
43F10B50 with 25.64 kΩ.cm and “Very low” region for the E-35F20B50 with a 43.49 kΩ.cm 
at 308 days. Although the use of BFA decreased slightly the electrical resistivity due to the 
porous hydrates provided by the BFA hydration [Lessard et al., 2016], water content highly 
influenced the electrical resistivity as demonstrated in the work of Gjørv et al. (1977) for ordi-
nary concrete and mortar. The low early resistivity can be also attributed to the slow develop-
ment of dense cement matrix because of the low ambient temperature. 
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4.4 Conclusions 
Based on the data presented in this study, the following conclusions can be drawn: 
1. The roller-compacted concrete (RCC) can be produced using 50% of biomass-bottom 
ash (BBA) as sand replacement, w/b of 0.35, and 10% to 20% biomass-fly ash (BFA) as 
cement replacement. This RCC meets the target VBT and surpasses the flexural strength 
practical requirements for RCC applications (16% and 7%). However, the use of higher 
BFA replacement of 30% leads to workability loss due to its physicochemical charac-
teristics and porosity, which decreased compactness, density, and consequently the 
strength of mixtures. 
2. The required consistency and mechanical properties for RCC applications can be ob-
tained when using w/b ranges between 0.35 and 0.37. At lower or greater w/b, un-wanted 
consistency can be expected as it could decrease cohesion between aggregates, generate 
segregation, surface distortion, or excessive bleeding under roller compactors. 
3. The differences in compaction, curing methods, and ambient temperature between the 
laboratory-cured and core-cut samples show lower compressive strength of the latter. 
The results of the slab cores show the effect of the cold ambient temperature at the time 
of casting on the kinetic of hydration of the RCC mixtures resulting in low 28-day me-
chanical performance. Providing sufficient curing conditions (water and good tempera-
ture) allowed increasing the compressive strength by more than 30% presented by the 
core results at 308 days.  
4. Significant expansion occurs in both slabs in field during the first 24 hours, which was 
not noticed in laboratory. This was due to the delayed ettringite formation as illustrated 
in the microstructure analysis.  
5. It is difficult to reproduce exactly a laboratory-optimized mixture in field due to changes 
in compaction energy, curing methods, ambient temperature, or un-expected errors such 
as the technical problem occurred in the pug mill concrete plant that resulted in increas-
ing the water content of W-43F10B50 by about 20 liters. 
6. The research reveals that both BFA and BBA can be successfully used as construction 
materials in RCC production. The pulp and paper industry, which is a major applicant 
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of RCC, could largely benefit from using their own by-products (BFA and BBA) in their 
infrastructure (pavement of storage areas and roads in urban and forests locations) for 
economic and environmental purposes. 
Finally, the construction of the slab has allowed the recycling of 21 tonnes of BFA and 88 
tons of BBA, which significantly contributes to the reduction of greenhouse gas emissions 
associated with the production of the slab (cement and natural aggregates consumption re-
ductions) and the managements of waste from the pulp and paper industry. 
  
80  CHAPITRE 4 
 
 
 
 81 
CHAPITRE 5 UTILISATION DE CENDRES VO-
LANTES ET GROSSIÈRES DE BIO-
MASSE DANS LA PRODUCTION DE 
BÉTONS MOULÉS À SEC 
Avant-propos 
Auteur et affiliation 
J-M. Lessard : étudiant à la maîtrise, Université de Sherbrooke, Faculté de génie, Dépar-
tement de génie civil. 
A. Omran : professionnel de recherche, Université de Sherbrooke, Faculté de génie, Dé-
partement de génie civil et professeur assistant à l’Université de Minoufiya, Egypte.  
A. Tagnit-Hamou : Professeur, Université de Sherbrooke, Faculté de génie, Département 
de génie civil.  
R. Gagné : Professeur, Université de Sherbrooke, Faculté de génie, Département de génie 
civil. 
Date de soumission : 18 mai 2016 
Revue : Elsevier – Construction and Building Materials  
État de l’acceptation : Article soumis 
Titre en français : Utilisation de cendres volantes et grossières de biomasse dans les bétons 
moulés à sec 
Contribution au document : 
 Les chapitres 3 et 4 ont démontré le potentiel de l’utilisation des CVB et CGB dans les mélanges 
de BCR et BCP. Par conséquent, l’utilisation de ces cendres a été étudiée dans un autre type de 
bétons secs, soit celui des bétons moulés à sec pour des applications de préfabrication de pierres 
de pavé, blocs de maçonnerie, etc. Ce marché est également une option intéressante pour la 
valorisation de ces cendres, puisque les performances mécaniques et de durabilité de ceux-ci 
sont moins sévères comparativement à un béton conventionnel et des grands volumes produits. 
Cet article décrit les travaux d’optimisation en laboratoire des formulations de bétons moulés à 
sec en laboratoire incorporant cendres volantes de biomasse (CVB) et des cendres grossières de 
biomasse (CGB). Il s’agit d’une famille de bétons secs autres que les BCR et BCP décrits au 
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chapitre 3 et 4. Les matériaux utilisés, le programme expérimental, les résultats, l’analyse des 
travaux de cette section y sont présentés. Les résultats concernent les propriétés à l’état frais 
(compacité), les propriétés mécaniques (résistance à la compression et à la traction par fendage), 
les propriétés de transport (absorption à l’eau, vides perméables, résistivité électrique) et la co-
loration. Cet article présente également une revue de littérature des travaux semblables d’autres 
auteurs.  
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Résumé en français 
La préfabrication de bétons moulés à sec (BMS) durables et à faible coût représente une indus-
trie importante pour le développement des infrastructures. Les BMS architecturaux ont l’avan-
tage de pouvoir être conçus avec des ajouts cimentaires alternatifs (ACA) puisque les résistances 
mécaniques ne sont pas la principale préoccupation. Cet article présente les travaux d’optimisa-
tion en laboratoire des cendres volantes de biomasse (CVB) comme ACA et des cendres gros-
sières de biomasse (CGB) comme sable alternatif ainsi que la combinaison des deux pour la 
production BMS. Les CVB ont été utilisées pour remplacer jusqu'à 30% du ciment et les CGB 
ont été utilisées pour remplacer jusqu'à 80% du sable. Tous les mélanges de BMS ont été carac-
térisés grâce aux propriétés à l’état frais (compacité), les propriétés mécaniques (résistance à la 
compression et la traction par fendage) et les propriétés de transport (absorption à l’eau, des 
vides perméables et la résistivité électrique) jusqu'à 91 jours. Les mélanges BMS fabriqués avec 
5%, 10%, ou 15% de CVB et 25% de CGB peuvent atteindre un indice de compaction de 99% 
avec un travail de compaction inférieur à celui spécifié par les fabricants. L'utilisation de CVB 
et CGB entraine une faible diminution de la résistance à la compression et à la traction, mais les 
taux d'absorption à l’eau demeurent inférieurs à ceux prescrits par les normes actuelles (près de 
5%). Somme toute, ces résultats démontrent la faisabilité de valoriser des quantités importantes 
de CVB et CGB dans les BMS, ce qui contribue grandement au développement durable des 
industries des pâtes et papiers et du béton. 
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OPTIMIZING BIOMASS FLY AND BOTTOM ASHES FOR DRY-
CAST CONCRETE PRODUCTION 
 
Abstract 
The production of low cost and durable dry-cast concrete (DCC) represents an important industry 
for developing countries. DCC can have more environmental benefits if designed with alternative 
supplementary cementitious materials (ASCM), especially its strength is not the main concern. 
This paper presents a laboratory optimization of biomass-fly ash (BFA) as ASCM and biomass-
bottom ash (BBA) as an alternative sand as well as combination of both for DCC production. The 
BFA was used to replace up to 30% of cement and the BBA was employed to replace up to 80% 
of sand. All DCC mixtures were characterized based on the fresh (compactness), mechanical (com-
pressive and splitting-tensile strength), and transport (water absorption, air voids, and electrical 
resistivity) properties up to 91 days. The DCC mixtures made with 5%, 10%, or 15% BFA and 
25% of BBA can reach a compactness index of 99% with a compaction work lower than specified 
by the Standards. The use of the BFA and BBA lead to small decrease of the compressive strength, 
however they can result in very low permeability and water absorption values lower than required 
by the specifications (close to 5%). Those results demonstrate the feasibility of using BFA or BBA 
in the production of DCC, which significantly contributes to the sustainability of the pulp and 
paper and concrete industries. 
Keywords: Biomass-bottom ash (BBA); Biomass-fly ash (BFA); Dry-cast concrete (DCC); In-
tensive Compaction Tester (ICT); Laboratory optimization; Precast concrete pavers (PCP). 
5.1 Introduction 
A dry-cast concrete (DCC) can be defined as a zero-slump concrete mixture with just enough water 
to initiate cement hydration with water-to-binder ratio (w/b) within the range of 0.30 to 0.38. It 
can be consolidated within in a form by applying intensive external vibration, immediately stripped 
and stand under its own weight. The large-scale production of DCC used for masonry units such 
as blocks, bricks, pavers, etc. represents an important industry for developing countries by provid-
ing durable and low-cost building materials. The sustainability of this industry can be improved 
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by decreasing its dependence on Portland cement and natural aggregate using supplementary-
cementitious materials (SCM) and alternative granular materials, respectively. Many industrial by-
products and other alternative supplementary-cementitious materials (ASCM) and/or fillers that 
do not meet the requirements for conventional concrete have been used successfully in such con-
crete [Anang et al., 2011; Chidiac et Mihaljevic, 2011; Faubert, 2012; Kulkarni et al., 2013]. Ac-
cording to Pacheco-Torgal et al. (2014), this will be the future trend of using cementing materials, 
especially in masonry concrete, where strength is not the main concern. Besides, the by-product 
materials from the cogeneration plants of the pulp and paper industry is a promising ASCM for 
such applications [Lessard et al., 2016]. 
The cogeneration by-products are generated from the inorganic constituents of the biomass burnt 
on fluidized bed boiler to produce thermal and electrical energy. The biomass-fly ash (BFA) and 
the biomass-bottom ash (BBA) are two examples of these by-products that can be distinguished 
according to their physical characteristics. The BFA is the finest ash with a maximum particle size 
of 100 μm and the BBA is distinguished by its coarser particle sizes (greater than 1 mm) [Ayrinhac, 
2005]. The BFA and BBA show a wide range of particle size distributions and compositions, which 
makes the interactions with cement or granular materials difficult to predict. Their physicochemi-
cal and mineralogical characteristics vary according to the heat treatment, the composition of the 
sludge and the rate of cooling. Exhaustive characterization studies of BFA have been carried out 
since the 2000s [Pera et Amrouz, 1998; Pera et Ambroise, 1999; Pera et Ambroise, 2000; Kinuthia 
et al., 2001; Bai, 2003; Chahidi-Elouazzani, 2005; Mozaffari et al., 2009; Xie, 2009; Roby, 2011; 
Gluth et al., 2014; Davidenko, 2015]. 
Recently, Lessard et al. (2016) have incorporated successfully in laboratory these ashes in roller-
compacted concrete (RCC) mixtures (a dry concrete type). Authors have shown that RCC mixtures 
made of 50% sand replacement by BBA (370 kg/m³) and 10% or 20% cement replacement by 
BFA (30 kg/m³ or 60 kg/m³), meet the practical requirements in terms of workability and strength. 
The incorporation of such materials participates in the densification of the granular structure and 
cement matrix which are also important factors for enhancing cohesion and compaction [Husken 
et Brouwers, 2012].  It is, therefore, interesting to study the potential use of BFA and BBA in DCC 
production.  
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This paper presents the laboratory optimization of BFA content as an ASCM to partially replace 
cement and the optimization of BBA to replace fine aggregate in DCC production. The optimal 
replacement rates when combining BFA and BBA was also assessed in this research. Fresh, me-
chanical, and transport properties up to 91 days of curing for all concrete mixtures were measured. 
The performance of such concrete (fresh and hardened properties) were compared to CSA A231.1-
06 and CSA A231.2-06 requirements for practical uses for the precast concrete slabs and precast 
concrete pavers (PCP), respectively. Since such concrete are normally used for architectural and 
esthetical purposes, the effect of the BFA and the BBA on the coloration of DCC has been as-
sessed. 
5.2 Experimental Program 
5.2.1 Testing Program 
In total, 22 DCC mixtures (Table 5.1) were tested in this study. The mixture names contain two 
numbers spaced by a letter. The first number is either 33, 35, or 37 referring to the w/b used in the 
mixture. The following letter (F or B) referring to BFA or BBA, respectively. The last number 
indicates the replacement ratio of the BFA or the BBA, whenever incorporated. The laboratory 
optimization of BFA and BBA to produce DCC mixtures was conducted through four main steps.  
The first step was the mix design optimization that was carried out using experimentally for the 
cement and water contents and theoretically for the granular materials using empirical equations. 
The optimization of the water content has been assessed by testing various w/b of 0.33, 0.35, and 
0.37. 
In the second part, the BFA was used as an ASCM to partially replace up to 30% of the total 
cement content in the traditional DCC mixtures. Two series of DCC were evaluated, using w/b of 
0.35 (0.35-DCC) and 0.37 (0.37-DCC) to secure required fresh and mechanical properties. 
The use of the BBA to replace the fine aggregates in the traditional DCC was optimized using a 
gyratory intensive compactor tester (ICT). Two different DCC series were also evaluated in this 
part, using w/b of 0.35 and 0.37 to obtain specified fresh and mechanical performances. 
In light of the obtained results through the individual replacements of each of the BFA and BBA 
in the mix design of the DCC, additional DCC mixtures were prepared with various combinations 
of both the BFA and BBA. These mixtures were designed with a w/b of 0.37, BFA replacement 
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(5.1) 
levels relative to cement content of 5%, 10%, and 15%, and sand replacement by BBA in levels 
of 25% and 40%.  
Fresh (compactness), mechanical (compressive and splitting-tensile strengths), and transport (wa-
ter absorption, air voids, and electrical resistivity) properties up to 91 days for all concrete mixtures 
prepared with BFA and BBA were measured for all concrete mixtures. Since the DCC mixtures 
are normally used for architectural and aesthetical purposes, the effect of the replacement levels 
of both ashes (BFA and BBA) on the final coloration of DCC concrete was assessed.  
5.2.2 Testing Methods 
The ICT, type ICT-100R, was used for all specimen’s preparation based on the Finnish test method 
“Method Nordtest NT BUILD 427 (1994)”. The ICT applies a constant axial and a cyclic shearing 
forces on the concrete sample. Data collected describes the amount of work needed to compact the 
sample to a given density. Consequently, a compaction index as a function of the compaction work 
can be drawn [Delrio-Prat et al., 2011]. This method is still one of the most relevant to describe 
the characteristics and compaction of dry concrete [Kappi et Nordenswan, 2007].  
The compaction index was calculated by dividing the final density measured at slurry point by the 
ICT by the theoretical maximum constituent density (TMCD). The TMCD can be considered as 
the maximum possible density of DCC constituent materials with all air voids removed from the 
mixture using Equation 5.1 [Amer, 2008]: 
CA
CA
sand
sand
BBA
BBA
BFA
BFA
c
c
w
w
CAsandBBABFACw
PPPPPP
PPPPPP
TMCD
ρρρρρρ
+++++
+++++
=  
where: P is the percentage of total weight of materials used in the mixture, ρ is density of each 
constituent, and the subscripts w, c, BFA, BBA, sand, and CA stand for water, cement, biomass-fly 
ash, biomass-bottom ash, sand, and coarse aggregate, respectively. 
The TMCD values, final densities, and compactness indices for all mixtures are shown in Table 
5.1. The compaction work was calculated according to the Equations 5.2 and 5.3 and divided by 
the mass of the sample to express the energy of compaction per unit mass [Delrio- Prat et al., 
2011].
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Table 5.1: Laboratory dry-cast mixture designs, theoretical maximum constituent density, final density and compaction index 
 
Mixture 
name 
w/b 
Water Cement 
Biomass- 
fly ash, 
BFA 
Biomass- 
bottom 
ash, BBA 
Sand 
Coarse aggregate 
Efflorescence 
control admix-
ture 
Theoretical 
maximum 
constituent 
density 
Final 
density 
Compac-
tion index 1-3 mm 3-5 mm 
kg/m³ 
ml/100 kg of 
binder 
kg/m³ % 
 
33Control 0.33 152 460 0 0 1159 324 743 500 2503 2474 98.8 
35Control 0.35 161 460 0 0 1159 324 743 500 2491 2478 99.5 
37Control 0.37 170 460 0 0 1159 324 743 500 2479 2468 99.5 
B
F
A
 
35F10 0.35 161 414 46 0 1159 324 743 500 2486 2436 98.0 
35F15 0.35 161 391 69 0 1159 324 743 500 2484 2437 98.1 
35F20 0.35 161 368 92 0 1159 324 743 500 2482 2437 98.2 
35F25 0.35 161 345 115 0 1159 324 743 500 2479 2416 97.4 
37F10 0.37 170 414 46 0 1159 324 743 500 2474 2464 99.6 
37F15 0.37 170 391 69 0 1159 324 743 500 2472 2475 100 
37F25 0.37 170 345 115 0 1159 324 743 500 2468 2430 98.5 
37F30 0.37 170 322 138 0 1159 324 743 500 2465 2422 98.2 
B
B
A
 
35B20 0.35 161 460 0 169 762 458 818 500 2472 2472 100 
35B40 0.35 161 460 0 284 483 552 869 500 2458 2443 99.3 
37B40 0.37 170 460 0 284 483 552 869 500 2449 2446 100 
37B60 0.37 170 460 0 369 279 622 907 500 2447 2423 99.4 
37B80 0.37 170 460 0 434 123 678 937 500 2430 2384 98.1 
B
B
A
+
B
F
A
 37F05B25 0.37 170 437 23 201 684 485 832 500 2452 2446 99.8 
37F10B25 0.37 170 414 46 201 684 485 832 500 2450 2439 99.6 
37F15B25 0.37 170 391 69 201 684 485 832 500 2454 2431 99.1 
37F05B40 0.37 170 437 23 284 483 552 869 500 2444 2432 99.5 
37F10B40 0.37 170 414 46 284 483 552 869 500 2442 2436 99.7 
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(5.3) 
The shear stress was calculated using the force applied by the device to reach a given height of 
the sample, as shown in Equation 5.2. 
6
2
10
4
2 ×
×





×=
h
D
M
S F
π  
where:  S (kN/m²) is the applied shear stress, MF (Nm) is the moment of force applied and 
measured by the apparatus, D (in mm) is the diameter of the sample, and h (in mm) is the sample 
height. Then, the compaction work (W) could be calculated using Equation 5.3. 
∑ ×=
N
ii SVmm
W
0
4πα
 
where: W (kJ) is the work, m (kg) is the mass of the sample, α (rad) is the angle of gyration, N 
is the number of compaction cycles, Vi (m³) is the sample volume at cycle i, and Si is the shear 
stress (kN/m²) at cycle i. 
DCC samples were compacted until the slurry point was visually obtained. This specific point 
is reached when cement paste begins to be expulsed from the sample because all internal voids 
becomes limited due to the densification of the concrete matrix. Based on personal communi-
cation with experienced masonry plants, a slurry point for the DCC should be obtained with a 
maximum 100 cycles of the ICT, for the energy saving during concrete compaction and easy 
placement. Preliminary results obtained in laboratory showed that compaction energy around 
2.0 kJ/kg corresponded to the 100 cycles of the ICT. The compaction energy is regarded here in 
for its simplicity. Moreover, in order to represent manufacture plant conditions, a minimum 
compactness index of 99% is required, but should be produced with a maximum compaction 
work of 2.0 kJ/kg for the aforementioned reasons.  
As prescribed by CSA A231.2-06, after compaction, the samples were stored in a curing cham-
ber at a relative humidity (RH) of 100% and a temperature of 23°C up to 14 days, then cured at 
a temperature of 23°C and a RH of 50% up to the time of testing. 
The compressive strength was measured at 28 and 91 days in accordance with ASTM C39 using 
a sulfur mortar capping in accordance with ASTM C617. The CSA A231.2-06 standard required 
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that manufactured PCP must have a minimum 28-day compressive strength of 50 MPa. A cor-
relation was drawn with data provided in Faubert (2012) showing that laboratory samples made 
using ICT device and under optimal laboratory conditions, such as curing conditions, showed 
15% to 20% higher compressive strength than manufactured PCP of similar formulations. For 
this reason and to ensure obtaining the target strength for the manufactured PCP, a minimum 
28-day compressive strength of 60 MPa was looked for in this study. The splitting-tensile 
strength was measured at 28 days in accordance with ASTM C496. 
Water absorption and air voids of hardened laboratory-cured DCC were measured after 28 days, 
according to ASTM C642. These measurements characterize the pore structure and the capillary 
network of concrete and are often used as indirect indicators of the capacity to the freeze-thaw 
durability. According to CSA A231.1-06 standard, the absorption of the specimens of PCP 
should not be greater than 6%.  
The electrical resistivity was measured on 100×100-mm cylindrical SSD samples at 28 and 91 
days by applying an electrical current through two electrodes attached to the concrete specimen 
ends (two-electrode method).   
The coloration was measured on hardened concrete samples using a portable colorimeter (Color 
QA series 4 from Pocket-Spec Inc.) that digitally measures the red, green, and blue (RGB) per-
centages of a target color. When measuring shades of gray, the average RGB can be used as an 
index of darkness: higher the RGB average is, darker is the color target. Such indicator is a 
major concern when manufacturing concrete for aesthetical and architectural purposes. 
5.2.3 Materials  
Table 5.2 presents a summary of the physical properties and the chemical compositions of the 
cement, BFA, and BBA used in RCC mix design both in laboratory and field works. General 
aspects of the investigated BFA is shown in Figure 5.1. The BFA is porous and mainly contains 
angular particles of rough textures and few spherical particles with smooth surfaces, as illus-
trated in the micrograph in Figure 5.1C. Black carbon particles can be also detected.  
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Figure 5.1: Biomass-fly ash: A) General aspect; B) microscopic view at 200x; and C) 
Carbon particle at 35x 
This composition resulted from the combustion products of the deinking sludge, sludge, wood 
chips, barks, etc. The high content of calcium oxide under hydraulic phases such as anhydrite, 
gypsum, and free lime suggested that the BFA could have potential hydraulic properties to be 
further amplified by the reactivity of its crystalline and glassy calcium-aluminate phases [Da-
videnko, 2015]. The sum of aluminum oxide, iron oxide, and silica (the main elements respon-
sible for pozzolanic reactions if it is in amorphous form) in the BFA are 38.5%, which was lower 
than in other classical mineral admixtures. The BFA has a density of 2720 kg/m³, a loss on 
ignition (LOI) of 2.8%, and a Blaine fineness of 981 m2/kg, as shown in Table 5.2. The particle-
size distribution of the BFA illustrated in Figure 5.2 had a mean particle-size diameter (d50) of 
42 μm and about 52% of the particles retained on 45 μm sieve. The X-ray diffraction analysis 
(XRD) of the BFA (Figure 5.3) reveals that it could be distinguished as crystalline forms be-
cause of its close and distinctive peaks. Figure 5.3 shows a complex mineralogical composition 
composed of anhydrite, quartz, calcite, free lime, anorthite, gelignite, tricalcium aluminate 
(C3A), portlandite, and gypsum. The sulfur content of BFA (7.8%) was also higher than the 
ASTM C618 and CSA A3004-E1 requirements of 5%. This high sulfur originated from the fuel, 
construction, and demolition materials, rubber, etc. used in the production process. However, 
the CSA A3004-E1 can allow exceeding this limit if the results of expansion tests due to the 
internal sulfate attack are acceptable. Davidenko (2015) demonstrated that the use of 20% of the 
BFA in ordinary concrete showed less expansion than CSA limits. 
B) C) A) 
2000x 35x 
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the high amount of fine particles included in the BBA compared with the natural sand. On the 
other hand, smaller particle-size distribution of the BBA can act as a filling material to reduce 
the porosity and voids presented in dry concrete and help to densify the granular structure. Since 
the BBA was used to replace sand, its internal moisture was corrected to the saturated surface 
dry (SSD) conditions during the experimentation. The XRD analysis carried out on the BBA 
(Figure 5.3) confirmed that quartz (SiO2) was the predominant phase in the BBA.  
 
Figure 5.4: Biomass-bottom ash: A) general aspect; B) microscopic view at 1000x; C) 
carbon particle at 35x 
A pale Canadian Type GU cement (equivalent to a Type I cement according to ASTM C150) 
was used for all laboratory-batched DCC mixtures. The physical properties and chemical anal-
ysis of this cement are listed in Table 5.2 and its particle-size distribution in Figure 5.2. The 
cement’s unit weight and Blaine fineness are 2.9 and 444 m²/kg, respectively.  
A natural siliceous sand and crushed limestone aggregates with a nominal maximum-size of 
aggregates (MSA) of 5 mm were used. Their particle-size distribution are shown in Figure 5.2. 
Their bulk densities are between 2.68 and 2.70 and their absorption rates ranged between 0.65% 
and 0.70%.  
All laboratory DCC mixtures were designed with an efflorescence control admixture with a 
dosage rate of 500 mL/100 kg to control efflorescence, to enhance workability, and to provide 
a tight surface texture. The unit weight of this admixture was 1.025.  
  
A) B) C) 
35x 1000x 
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Table 5.2: Chemical and physical properties of the Type GU cement, biomass-fly ash 
(BFA), and biomass-bottom ash (BBA) 
 Items 
Type GU  
cement 
Biomass- 
fly ash 
BFA 
Biomass- 
bottom ash 
BBA 
Sand 
C
he
m
ic
al
 p
ro
pe
rt
ie
s 
CaO (%) 63.2 42.1 23.7 - 
SiO2 (%) 19.8 22.2 44.8 - 
Al2O3 (%) 4.9 12.7 11.5 - 
SO3 (%) 3.8 7.8 4.6 - 
Fe2O3 (%) 1.8 3.6 4.8 - 
MgO (%) 2.0 2.4 2 - 
K2O (%) - 0.8 2 - 
Na2O (%) - 0.6 1.8 - 
Na2Oeq (%)* 0.82 1.1 3.1 - 
Others (%) - 5.1 2.9 - 
CaOlree (%) - 3.0 0.7 - 
LOI (%) 2.9 2.8 1.9 - 
SiO2+Al2O3+Fe2O3 (%) - 38.5 - - 
P
hy
si
ca
l p
ro
pe
rt
ie
s Density (kg/m³) 3100 2720 2310 2610 
Blaine fineness (m²/kg) 444 981 - - 
Retained 45 µm 5% 51.9% - - 
d50 (µm) - 42.28 - 650 
Absorption (% by mass) - - 5.25 1.30 
Fineness modulus - - 1.44 2.54 
* Na2Oeq = 0.658K2O + Na2O 
5.3 Mix Design Optimization 
The DCC mixtures were designed by applying empirical formulas for optimizing the granular 
materials and by conducting experimental testing to determine the water content. 
5.3.1 Optimizing Granular Materials and Mixture Proportions 
Faubert (2012) has successfully produced DCC mixtures incorporating glass power as partial 
cement substitution. A cement content of 460 kg/m³ was used in this study and the replacement 
ratios of the glass powder reached up to 25%. In the current study a similar cement content of 
460 kg/m³ was also selected for all DCC mixtures. The proportions of the granular materials 
(sand and coarse aggregate) were determined by reaching as closely as possible the maximum 
density curve established by Fuller and Thompson’s equation (Equation 5.4) [Marchand et al., 
1997].  
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100)/( 45.0 ×= DdP  
where:  P (in %) is the percentage of particles passing under sieve size opening (d in mm). 
The BFA and BBA were used to partially replace cement and sand, respectively, based on mass. 
The individual replacement rates of BFA to cement were 0%, 10%, 15%, 20%, and 25% for the 
0.35-DCC and 0%, 10%, 15%, 25%, and 30% for the 0.37-DCC. The replacement rates of sand 
by BBA were 0%, 20%, and 40% for the 0.35-DCC, while 0%, 40%, 60%, and 80% for the 
0.37-DCC. Depending on the BBA replacement rates, changes occurred to the particle-size dis-
tribution of the entire mixture. Therefore, the aggregate quantities were adjusted to fit, as closely 
as possible, the Fuller-Thompson curve. Figure 5.5 shows the resulting particle-size distribu-
tions of the granular materials used for all tested DCC mixtures. According to the “square devi-
ation” index (used to quantify the degree of accuracy of reproduction), the use of BBA in DCC 
did not cause significant deviation from the Fuller-Thompson curve. The higher square devia-
tion index indicates a lack of fitness between the particle-size distribution curve and the Fuller-
Thompson curve. As shown in Figure 5.5, DCC containing 0%, 20%, 40%, 60%, and 80% of 
BBA replacement rates relative to natural sand showed constant square deviation indices of 400, 
392, 402, 411, and 419, respectively.  
  
Figure 5.5: Particle-size distribution of DCC granular materials containing 0%. 20%, 
40%, 60%, and 80% biomass-bottom ash (BBA) replacement rate of sand 
5.3.2 Water Content Optimization  
Water has beneficial effects on DCC fresh properties because of its lubricant effect that reduces 
internal friction. It provides also an uniform distribution of binder through granular structure, 
0
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(5.4) 
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5.9, 5.5, and 5.5 MPa for the corresponding mixtures (Figure 5.7B). The excess water that has 
a negative effect on the performance of the conventional concrete, allows obtaining better com-
pactness by reducing internal friction with less energy in the DCC leading to better mechanical 
performance. A very dry mixture is thus more difficult to compact and may have a greater num-
ber of voids which negatively affect mechanical performance [Chidiac et Zibara, 2007]. On the 
other hand, a very high w/b has a loosening effect of cement particles and reducing efficiency 
of compaction work.  
 
Figure 5.7: Effect of w/b on compressive (A) and splitting-tensile strength (B) in DCC 
mixtures 
The transport properties of the three mixtures (electrical resistivity, water absorption, and air 
voids) for the three tested DCC mixtures were found to be similar. Average water absorption 
value close to 4% and air voids close to 10% were also measured for the three mixtures, as 
presented in Figure 5.8A. The chemical shrinkage that occurred during the cement hydration 
and the slow absorption of the mixing water by the aggregates or the cementitious materials 
explain the water absorption and air voids rates found higher than 1%, although the compaction 
index value of these DCC were close to 99%.  Figure 5.8B shows the 28- and 91-day electrical 
resistivity with average values of 17 and 36 kΩ.cm, respectively. These results can be also ex-
plained in a similar way as described in the compressive strength section.  
Since those laboratory DCC mixtures were designed for the aesthetical PCP, the effects of water 
on coloration has been evaluated. As presented in Figure 5.9, the average RGB of samples in-
creased when a higher w/b was used which means that paler concrete can be resulted from the 
dilution of the constituent materials. For instance, the average RGB for the 0.33-DCC and 0.37-
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DCC mixtures were 97 and 114, respectively. The corresponding shade of gray is observable in 
Figure 5.9. 
 
Figure 5.8: Effect of w/b on water absorption and air voids (A) and electrical resistivity 
(B) and in DCC mixtures 
 
Figure 5.9: Effect of w/b on the coloration of hardened DCC 
5.4 Results and Discussion 
5.4.1 Cement Replacement by BFA  
Fresh Properties 
Effect of BFA replacement levels on fresh properties of DCC was evaluated using two DCC 
series with w/b of 0.35 and 0.37, as presented in Figure 5.10A and B, respectively. In both cases, 
the use of BFA tends to increase the compaction work required to reach a given compaction 
index. For example, 0.35-DCC with 0%, 10%, 15% and 25% needed 0.42, 0.98, 1.24 and 1.76 
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al. (2005) pointed out that part of the workability loss can be attributed to the fast setting occur-
ring due to the hydration the free lime presented in the BFA producing voluminous crystalline 
phases of portlandite (Ca(OH)2). Also, the high LOI of the BFA can increase the water demand 
for a given consistency [Mehta et Monteiro, 2013].  
For the 0.37-DCC mixture containing a 10% BFA replacement rate to cement, Figure 5.10C 
shows the decrease in the compaction index due to the delay in time between cement-water 
contact and start of sampling and compaction (t). It can be observed that the longer t leads to 
increasing the compaction work needed for the DCC samples to reach a given compactness. For 
example, to attain a compaction index of 99%, the 0.37-DCC samples made after t of 5, 11, 23, 
and 31 min required a compaction work of 1.09, 1.50, 1.60, and 2.40 kJ/kg, while the sample 
prepared after 38 min did not reach this target even with more than 2.6 kJ/kg compaction work 
(Figure 5.10C). The relative difference in the compaction work between t of 5 and 31 min was 
120%, compared to 66% between 5 and 33 min measured for the 37Control DCC, as described 
previously. The corresponding workability losses with time of the 37Control and 37F10 were 
2.4%/min and 4.6%/min, respectively. Based on those observations, the BFA affect more sig-
nificantly the compactness with time in the DCC than Portland cement. It was also observed by 
Mozaffari et al. (2009) and Davidenko (2015) that the BFA absorbs water faster and more 
widely than other typical cementitious materials including Portland cement. 
Hardened Properties 
The 28- and 91-day compressive and 28-day splitting-tensile strengths for the 0.35-DCC and 
0.37-DCC mixtures made with BFA replacement rates up to 25% and 30%, respectively, are 
shown in Figure 5.11A and B. In both DCC series, increasing the BFA rates reduced the me-
chanical properties. The 28-day compressive strength values of the 0.37-DCC containing 0%, 
10%, 15%, 25%, and 30% of BFA were 71, 63, 56, 47, and 44 MPa, respectively. Thus, the use 
of a BFA replacement rate of 10% (37F10) complied with the proposed laboratory compressive 
strength requirements (60 MPa), as shown with dotted line in Figure 5.11A. The 15% BFA 
replacement rate showed 6.8% lower strength than the 60 MPa. Their corresponding values at 
91 days reached 81, 67, 62, 49, and 51 MPa. The same trend was observable for the 0.35-DCC 
mixtures. The 0.35-DCC mixture made with BFA replacement rate of 10% also reached over 
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60 MPa at 28 days. A less pronounced trend was observed regarding the 28-day splitting-tensile 
strength as shown in Figure 5.11B. 
 
Figure 5.11: Effect of biomass-fly ash (BFA) replacement rates on compressive strength 
(A) and splitting-tensile strength (B) of DCC mixtures made with w/b of 0.35 and 0.37 
Mechanical losses can be explained by the decrease of DCC compactness following the uses of 
BFA. Lower compactness involves greater number of compaction voids resulting in reductions 
in mechanical and durability performances. As suggested in Lessard et al. (2016), the replace-
ment of a highly reactive Canadian Type GU cement (Type I)with a less reactive powder such 
as BFA can also explain part of the reduction in the strength, especially when higher BFA rates 
are used. Also, the decrease in mechanical resistance can also be attributed to the early devel-
opment of a highly porous paste with a coarse structure mainly due to the expansive nature of 
hydration products of BFA [Bai et al., 2003; Mozaffari et al., 2009]. Consequently, a maximum 
BFA replacement rate of 10% is recommended for DCC mixtures design for both 0.35-DCC 
and 0.37-DCC mixtures regarding mechanical performances. 
Transport Properties 
Figure 5.12A present the water absorption and air voids results for tested 0.35- and 0.37-DCC 
mixtures containing various replacement BFA rates, and the CSA A231.1-06 maximum limits 
of 6% for water absorption of manufactured PCP (shown with dotted line). The use of the BFA 
up to 30% showed slight changes in the water absorption. All the investigated DCC mixtures 
showed values between 4% and 5%, which were lower than the CSA A231.2-06 requirements. 
Also, air voids content slightly increased with the increased replacement rate of BFA essentially 
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due to compactness difficulties as described earlier. For example, the air voids values obtained 
for the 0.35-DCC with 0% and 20% BFA were 10% and 14% while the 0.37-DCC with 0% and 
30% BFA were 10% and 15%, respectively. The slight increases of the water absorption and air 
voids rates can be associated to the formation of a porous cementitious matrix due to the pres-
ence of free lime (CaO) in the BFA. Also, the chemical shrinkage occurring during the cement 
hydration, and the slow absorption of the mixing water by the aggregates or the cementitious 
materials can explain the water absorption and air voids rates found higher than 1%, although 
the compaction index value of the given DCC were close to 99%.  
The 28- and 91-days electrical resistivity results for both 0.35-DCC and 0.37 DCC mixtures, 
with the categories that classify the concrete permeability, are shown in Figure 5.12B. The av-
erage electrical resistivity at 28 days of all DCC mixtures showed moderate permeability with 
electrical resistivity values ranged from 15 to 20 kΩ.cm. However, the 91-day resistivity slightly 
improved with increasing BFA content in both series compared to respective control mixtures. 
For instance, the 0.35-DCC made with 0%, 10%, and 20% BFA replacement rates showed in-
creases in the electrical resistivity of 39, 41 (+5%), and 50 kΩ.cm (+28%). All DCC mixtures, 
except the 37Control, had very low permeability with values ranged between 43 and 61 kΩ.cm. 
Thus, incorporating up to 30% of BFA in DCC improved long-term permeability to chloride 
ions and aggressive agents, which enhance their durability. 
  
Figure 5.12: Effect of biomass-fly ash (BFA) replacement rates on water absorption and 
air voids (A) and on electrical resistivity (B) of DCC mixtures made with w/b of 0.35 and 
0.37 
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 Coloration 
The average RGB decreased when a higher BFA replacement rate was used meaning that darker 
DCC can be obtained, as presented in Figure 5.13. Indeed, the BFA is darker than the pale 
Canadian Type GU cement. Therefore, increasing BFA content in DCC increase the total of 
dark materials which directly intensified darkness color. This feature should be considered when 
using BFA as an ASCM in PCP production, especially if architectural purposes are involved. 
 
Figure 5.13: Effect of biomass-fly ash (BFA) replacement rates on coloration of DCC 
mixtures made with w/b of 0.35 and 0.37 
5.4.2 Sand replacement by BBA  
Fresh Properties 
As shown in Figure 5.14A and B, the use of BBA to replace the sand in the 0.35- and 0.37-DCC 
increased generally the compaction work needed to reach a given compaction index of the sam-
ples. For instance, obtaining a compaction index of 99% for the 0.35-DCC containing 0%, 20%, 
and 40% of BBA as sand substitution required 1.16, 1.16, and 1.95 kJ/kg, respectively, while 
the 0.37-DCC containing 0%, 40%, 60%, and 80% of BBA required 0.45, 0.85, 1.96, and 2.80 
kJ/kg, respectively. The use of BBA to replace the sand decreased the workability primarily 
because the lower fineness modulus (FM) of the BBA compared to sand (1.44 vs. 2.54, respec-
tively) and lower density (2.31 vs. 2.68, respectively). Since the substitution was done by mass, 
those two characteristic increased the total volume of fine particles in the granular structure 
which reduced the amount of available water per particle due to the higher adsorption rate, which 
creates higher apparent cohesion. This cohesive nature resulted from two particular effects: the 
formation of capillary forces created by bridges between the solution and the solid surface, and 
the internal frictional between the granular mixtures. This depends on the size and shape of the 
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both mixtures reached 67 and 64 MPa, compared to 76 MPa for control mixture. The 28-day 
compressive strength for the 0.37-DCC mixtures made with BBA replacement rates relative to 
sand of 40%, 60%, and 80% were slightly lower than CSA A231.2-06 limit (60 MPa) by around 
only 2 to 3 MPa. The same trend was observed for the 28-day splitting-tensile strength of both 
0.35- and 0.37-DCC series (Figure 5.15B). The strength reductions caused by the increased 
amount of the BBA rates are mainly due to the increase of voids and the limited mobility of the 
paste which directly affected the compactness of the samples, as described earlier. 
 
Figure 5.15: Effect of biomass-bottom ash (BBA) replacement rates on compressive 
strength (A) and splitting-tensile strength (B) of DCC mixtures made with w/b of 0.35 
and 0.37 
Based on these results, the maximum BBA replacement rates relative to sand of 10% and 30% 
can be recommended for the 0.35- and 0.37-DCC, respectively. These corresponding rates can 
allow reducing the amount of non-renewable natural sand by about 85 and 215 kg/m3 of DCC 
mixtures and recycling BBA of the same amount.  
Transport Properties 
Figure 5.16A shows the slight augmentations of the water absorption and permeable air voids 
of hardened DCC mixtures with the increased replacement ratios of the BBA. The permeable 
voids were increased, varying from 9.7% (0.37-DCC control) to 14.3% (0.37-DCC with 80% 
BBA rate). Nevertheless, all tested DCC mixtures made with BBA had water absorption values 
ranged between 4.0 and 5.4%, which is lower than CSA A231.1-06 maximum limits for water 
absorption (6%) for the DCC mixtures. The main reason for the slight increase of the porosity 
is the decrease of compactness of samples as described above, which increased the amount of 
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voids. Also, the slow absorption of the mixing water by the aggregates, BBA or the cementitious 
materials and the chemical shrinkage occurring during the cement hydration, and generating 
internal forces and micro cracks, can explain the water absorption and air voids rates observed 
(higher than 1% although the compaction index value of these DCC were close to 99%). 
Figure 5.16B presents the 28- and 91-day electrical resistivity results for the studied DCC mix-
tures made with BBA as sand replacement, as well as the limits for permeability classifications. 
In general, the tested DCC mixtures (with and without the BBA) showed moderate permeability 
based on the 28-day electrical resistivity values (ranged between 17 and 22 kΩ.cm), and dropped 
to very low permeability with aging at 91 days (electrical resistivity values varied between 34 
and 60 kΩ.cm), with a very low potential of chloride-ions penetration and other aggressive 
agents. The results indicated that the incorporation of the BBA in DCC mixtures as partial sand 
replacement did not present significant effect on the 28-day permeability, but showed improve-
ments on the 91-day permeability.  
 
Figure 5.16: Effect of biomass-bottom ash (BBA) replacement rates on water absorption 
and air voids (A) and on electrical resistivity (B) of DCC mixtures made with w/b of 0.35 
and 0.37 
Coloration 
As shown in Figure 5.17, the average RGB of samples decreased with increasing BBA replace-
ment rates. The darker DCC resulted from the incorporation of more BBA. Visually, the BBA 
particles are darker than siliceous sand, which can explains this observation. As for the BFA, 
the influence of BBA on the coloration should be taken into account when used as an ASCM in 
PCP production since architectural purposes are essential. 
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Figure 5.17: Effect of biomass-bottom ash (BBA) replacement rates on coloration of 
DCC mixtures made with w/b of 0.35 and 0.37 
5.4.3 Effect of combining BFA and BBA on DCC Performances  
Based on the results discussed earlier regarding fresh, hardened, and transport properties for the 
individual replacement of either the BFA or the BBA, various combinations of the BFA and 
BBA were assessed in this section. A w/b of 0.37 was used for designing the DCC mixtures 
targeting at obtaining the optimal replacement rates when combining the two materials together 
(BFA and BBA) in one DCC mixture.  The F05B25, F10B25, F15B25, F05B40, and F10B40 
DCC mixtures, designed with 25% or 40% of BBA replacement levels relative to sand, and 
containing 5%, 10%, and 15% of BFA replacement rates to cement, are discussed here.  
Figure 5.18 shows that DCC mixtures made with 25% of BBA blended with 5%, 10%, or 15% 
of BFA (F05B25, F10B25, F15B25) can reach a compaction index of 99% with less compaction 
work than 2.00 kJ/kg specified for the practical requirements. The compaction work values to 
reach 99% of the TMCD for these three mixtures were 0.82, 1.06, and 1.63 kJ/kg, respectively. 
The F05B40 mixture made with 40% of BBA and 5% of BFA also respected the energy require-
ments of less than 2.00 kJ/kg with a value of compaction work value of 0.95 kJ/kg. The F10B40 
mixture made with 40% of BBA and 10% of BFA was the only mixture that exceeded the re-
quirement for the compaction work with value of 2.31 kJ/kg (about 15.5% superior than 2.00 
kJ/kg). This increase can mainly be attributed to the large specific surface area, higher internal 
friction, and higher amount of fine particles caused by the granular structure of both BFA and 
BBA, which tended to increase the water demand and consequently reduce the compactness of 
DCC for a given w/b.  
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Figure 5.18: Effect of combining biomass-fly ash and biomass-bottom ash on compaction 
work required to reach a compactness index of 99% 
As presented in Figure 5.19A, the DCC mixtures tested in this section reached compressive 
strength between 42 and 52 MPa after 28 days of curing and between 48 and 57 MPa after 91 
days. These values were lower than the target 28-day compressive strength of 60 MPa by about 
13% to 30%. However, those 28-day compressive strength values are close to CSA A231.2-06 
requirements for the PCP application in the field (50 MPa). The 28-day splitting-tensile strength 
showed slight variation, varying from 3.4 to 4.4 MPa (Figure 5.19B).  
 
Figure 5.19: Effect of combining biomass-fly ash and biomass-bottom ash on compres-
sive 
The 28-day water absorption and permeable air voids of the investigated DCC mixtures are 
shown in Figure 5.20A. As described earlier, the use of BBA or BFA has no significant effect 
on the water absorption and permeable air voids. Mostly, this is because a high compactness 
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index (close to 99%) was achieved for all DCC reducing their porosity. All tested DCC mixtures 
showed a water absorption around 5% which was lower than CSA A231.1-06 limits of 6% for 
PCP application and air voids content from 13% to 14%. The porosity associated with the water 
absorption and air voids rates of DCC that were higher than 1%, despite their compaction index 
close to 99%, are mainly due to the chemical shrinkage and the slow absorption of the mixing 
water by the aggregates or the cementitious materials. 
The electrical resistivity at 28 and 91 days of F05B25, F10B25, F15B25, F05B40, and F10B40 
mixtures are presented in Figure 5.20B. The electrical resistivity limits shown in the figure 
demonstrate that the 28-day DCC samples had moderate permeability with resistivity values 
varying from 15 to 18 kΩ.cm. The 91-day results showed that the impermeability of DCC im-
proved when BFA and BBA replacement rates increased. All mixtures monitored very low per-
meability with resistivity varying from of 54 to 77 kΩ.cm. It can also be observed that the elec-
trical resistivity improved when higher rates of BFA were used. 
 
Figure 5.20: Effect of combining biomass-fly ash and biomass-bottom ash on water ab-
sorption and air voids (A) and electrical resistivity (B) and of DCC mixtures 
5.5 Conclusions 
Based on the experimental investigation and the obtained results, the following conclusions can 
be drawn: 
1. The use of biomass-fly ash (BFA) tends to increase the compaction work required to 
reach a given compaction index of dry-cast concrete (DCC) due to its physicochemical 
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characteristics. A minimum water-to-binder (w/b) of 0.37 is recommended when the 
BFA is incorporated in DCC mixtures up to a maximum rate of 15%. Also, the BFA 
affect in a more significant way the compactness with time than Portland cement corre-
sponding to workability losses of 4.6%/min and 2.4%/min, respectively. 
2. The 28-day compressive strength of the 0.35-DCC and 0.37-DCC made with BFA re-
placement rate of 10% can exceed the suggested practical requirements of 60 MPa for 
designing DCC in laboratory. 
3. The replacement of the cement by BFA up to 30% in DCC improved long-term perme-
ability and showed slight changes in the water absorption and permeable voids content. 
All DCC mixtures made with BFA had a water absorption rate lower than CSA A231.1-
06 requirements of 6%. 
4. The use of biomass-bottom ash (BBA) to replace natural sand increases the compaction 
work required to reach a given compactness index mainly because the fineness modulus 
of the BBA is lower than the natural sand. However, the differential effect of the natural 
sand and BBA on the compactness of DCC mixtures with time is approximately similar. 
5. The incorporation of BBA in DCC decreased the hardened properties compared to con-
trols mainly because of the increase of voids caused by the limited mobility of the paste 
making the maximum compactness difficult to obtain. Also, all tested DCC mixtures 
made with BBA to replace sand had water absorption values located between 4.0 and 
5.4%, which is lower than CSA A231.1-06 maximum limits for such application. 
6. The replacement of sand by BBA in DCC mixtures has no significant effect on the 28-
day electrical resistivity with an improvement at later age of 91-day. A very low perme-
ability can be measured for all concrete mixtures. 
7. Both the BFA and the BBA when incorporated in the DCC lead to a darker color of the 
hardened DCC compared to controls. 
8. Combining 25% of BBA with 5%, 10%, and 15% of BFA in DCC mixtures can yield in 
a compaction index of 99% with lower compaction work than the maximum allowable 
practicable limit of 2.00 kJ/kg. However, their corresponding 28-day compressive 
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strength values are 14% to 19% lower than target values for the design of DCC in labor-
atory. 
9. All DCC mixtures combining both BFA and BBA can exhibit 28- and 91-day resistivity 
values varying from 15 to 18 kΩ.cm and 54 to 77 kΩ.cm, respectively, show a “very 
low” permeability, and have water absorption values lower than CSA A231.1-06 limits 
for precast-concrete application of 5%. 
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CHAPITRE 6 CONCLUSIONS 
L'utilisation de cendres volantes de biomasse (CVB) comme ajout cimentaire alternatif et de 
cendres grossières de biomasse (CGB) comme sable alternatif dans les bétons secs comme les 
bétons compactés au rouleau (BCR), les bétons compactés à la paveuse (BCP) et les bétons 
moulés à sec (BMS) est une approche prometteuse pour le recyclage et la valorisation de ces 
sous-produits industriels. 
Les résultats expérimentaux obtenus suite aux travaux d’optimisation des CVB et CGB dans la 
production de BCR et BCP en laboratoire ont permis de tirer les conclusions suivantes : 
1.1. Le remplacement de 10% de la masse du ciment par des CVB a peu d'effets sur le temps 
Vebe (VBT) des BCR et BCP (1% supérieur à la référence). Cependant, à des taux de 
20% et 30%, leur utilisation conduit à des pertes de maniabilité de 8 et 28% respective-
ment et des masses volumiques plus faibles comprises entre 2,5 et 5%. Les caractéristiques 
physiques des CVB, telles que leur finesse, leur porosité et leur morphologie rugueuse, 
augmentent les frictions intergranulaires rendant difficile la densification des mélanges. 
Cet effet est davantage marqué dans les BCR que dans les BCP en raison d’un rapport 
eau-liant (E/L) inférieur (0,32 contre 0,37). 
1.2. La résistance à la flexion à 7 jours des BCR et des BCP faits avec 10% et 20% de CVB 
est suffisamment élevée pour répondre aux exigences requises par les devis techniques 
(5,5 MPa). Des résistances comprises entre 5,5 MPa et 5,8 MPa ont été obtenues pour tous 
les mélanges de BCR contenant jusqu'à 20% de CVB. 
1.3. La résistance à la compression des BCR et des BCP diminue de 18 à 25% lorsque 10, 20 
ou 30% des CVB sont utilisées en remplacement du ciment en raison de la réduction de 
la compacité des mélanges. De plus, la formation d'une pâte poreuse et expansive en raison 
de la présence de chaux libre (CaO) dans les CVB génère des plans de faiblesse dans la 
matrice cimentaire. 
1.4. L'absorption à l’eau et les vides perméables augmentent légèrement, tandis que la résisti-
vité électrique décroît dans mélanges de BCR et BCP lorsque des CVB sont utilisées 
comme ajout cimentaire alternatif. Ceci est dû à la formation d’une matrice cimentaire 
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plus poreuse, moins homogène et à une structure granulaire moins compactable. L'hydra-
tation rapide de composés hydrauliques et expansifs tels que la chaux libre et le gypse 
augmente le réseau de porosité dans les mélanges. Toutefois, ces mélanges affichent des 
perméabilités aux ions chlore très faibles (résistivités électriques comprises entre 50 et 
150 kΩ.cm) et des taux d’absorption d’eau en dessous de 5%. 
1.5. L'utilisation de CGB comme sable alternatif diminue presque linéairement la maniabilité 
des BCR et BCP. Une augmentation de près de 50% du temps Vebe est mesurée lorsque 
50% de CGB sont incorporées aux mélanges. Ce remplacement provoque un désordre 
granulaire non optimal dans la distribution granulométrique, ce qui génère une perte de 
compacité, une porosité plus élevée et une demande en eau supérieure. De plus, l'augmen-
tation de la fraction de particules fines suite au remplacement du sable par des CGB (mo-
dule de finesse de 2,54 et 1,44 respectivement) réduit la quantité d'eau disponible pour un 
recouvrement idéal de toutes les surfaces des particules. 
1.6. Pour les BCR et les BCP, l'utilisation de 50% ou 100% de CGB en remplacement du sable 
naturel diminue généralement les propriétés mécaniques de 18 à 23% en raison de réduc-
tion de l'efficacité du compactage provoqué par l’augmentation de forces de friction in-
ternes. Cet effet est plus prononcé dans les BCR que les BCP en raison de la disponibilité 
en pâte cimentaire lubrifiante plus faible. 
1.7. Le désordre granulaire généré suite à l'utilisation de CGB en remplacement du sable dans 
les BCR et BCP augmente l’absorption à l’eau de 4% et les vides perméables de 2%. 
L'utilisation des CGB n'a aucun effet sur la résistivité électrique des mélanges. 
1.8. Les mélanges de BCR et de BCP peuvent être conçus en substituant jusqu’à 50% du sable 
naturel par des CGB et 10% ou 20% du ciment par des CVB, tout en obtenant les perfor-
mances mécaniques requises pour des utilisations pratiques. Cependant, ces mélanges né-
cessitent une énergie de compaction plus élevée pour répondre aux exigences des proprié-
tés à l’état frais (un VBT plus long). 
L’utilisation de CVB et CGB dans la construction d’une dalle d’entreposage en BCR de 800 m² 
et 0,3 m d’épaisseur a permis de valider les résultats obtenus en laboratoire. Le suivi des perfor-
mances de celle-ci a été fait sur une période de 308 jours. Les conclusions suivantes peuvent 
être tirées de ce projet : 
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2.1. Un BCR peut être produit en utilisant 50% de CGB en remplacement du sable naturel, un 
rapport E/L de 0,35 et 10% à 20% de CVB en remplacement du ciment. Ces mélanges de 
BCR rencontrent la maniabilité cible (VBT cible) et surpassent les exigences de la résis-
tance à la flexion de 16,4% et 7,0%, respectivement, pour des applications pratiques. Ce-
pendant, l'utilisation d’un taux de remplacement égal ou supérieur à 30% de CVB conduit 
à une perte de maniabilité importante en raison de leurs caractéristiques physico-chi-
miques qui diminuent la compacité, la densité, et par conséquent, les performances méca-
niques des BCR. 
2.2. Les propriétés aux états frais et durci requises pour les applications de BCR peuvent être 
obtenues grâce à l'utilisation d’un E/L compris entre 0,35 et 0,37. Une maniabilité plus 
élevée peut diminuer la cohésion entre les granulats, augmenter la ségrégation des mé-
langes, créer des distorsions en surface, ou un ressuage excessif sous l’énergie de com-
paction d’un rouleau compacteur. 
2.3. Les échantillons moulés en chantier et mûris en laboratoire montrent des résistances à la 
compression à 28 jours 50% supérieures à celles des carottes échantillonnées à même 
échéance dans les deux dalles en raison des différentes méthodes de compaction, de mû-
rissement et de températures ambiantes. Les résultats obtenus grâce au carottage démon-
trent l'effet négatif de la température ambiante durant le mûrissement sur la cinétique d'hy-
dratation des mélanges de BCR et des performances mécaniques à jeune âge (28 jours). 
Fournir des conditions de mûrissement adéquates (humidité et températures) permet 
d’augmenter de plus de 30% la résistance à la compression des BCR, tel que présenté par 
les échantillons carottés à 308 jours. 
2.4. Une expansion d’environ 300 µm/m survient dans les deux dalles de BCR au cours des 
24 premières heures en raison de la formation d'ettringite différée. 
2.5. Il est difficile de reproduire en chantier un mélange fait en laboratoire en raison des chan-
gements dans l'énergie de compactage, les méthodes de cure, les températures ambiantes. 
De plus, des erreurs non prévues peuvent survenir, comme les problèmes techniques qui 
se sont produits dans l'usine à béton engendrant l'augmentation de la teneur en eau du 
mélange W-43F10B50 d'environ 20 litres. 
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2.6. Ce projet de recherche révèle que les CVB et les CGB peuvent être utilisées avec succès 
comme matériaux de construction dans la production de BCR. L'industrie des pâtes et 
papiers, qui est un demandeur majeur de BCR, pourrait largement bénéficier de l'utilisa-
tion de leurs propres sous-produits (CVB et CGB) dans leurs infrastructures (dalles d’en-
treposage, routes urbaines et forestières, etc.) à des fins économiques et environnemen-
tales. 
Les travaux de recherche visant l’optimisation des CVB et CGB dans les bétons moulés à sec 
pour la préfabrication de pierres de pavé ont permis de tirer les conclusions suivantes : 
3.1. L'utilisation de CVB en remplacement cimentaire tend à augmenter le travail de compac-
tion nécessaire pour atteindre un indice de compactage donné des BMS en raison de ses 
caractéristiques physico-chimiques. Un rapport E/L minimum de 0,37 est recommandé 
lorsque les CVB sont incorporées dans des mélanges BMS jusqu'à un taux maximum de 
15%. De plus, les CVB affectent davantage la compacité dans le temps que le ciment 
Portland en raison de l’augmentation du travail de compaction correspondant à 4,6%/min 
et 2,4%/min, respectivement. 
3.2. La résistance à la compression de 28 jours des mélanges faits avec un rapport E/L de 0,35 
et 0,37 et avec une teneur en CVB de 10% en remplacement du ciment peut dépasser les 
exigences pratiques proposées de 60 MPa pour la conception de BMS en laboratoire. 
3.3. Le remplacement jusqu'à 30% du ciment par des CVB dans les BMS augmente la résisti-
vité électrique à long terme et affecte légèrement leur taux d'absorption à l’eau et de vides 
perméables. Par ailleurs, tous les mélanges de BMS fabriqués avec des CVB présentent 
un taux d'absorption à l’eau inférieur aux exigences de la norme CSA A231.1-06 de 6%. 
3.4. La substitution du sable naturel par des taux de CGB au-delà de 40% dans les BMS aug-
mente significativement le travail de compaction nécessaire pour l’obtention d’un indice 
de compaction donné de 1.51 kJ/kg principalement en raison du module de finesse des 
CGB inférieur au sable naturel (1,44 contre 2,54 respectivement). De plus, le remplace-
ment de 40% du sable naturel par des CGB réduit similairement la maniabilité des mé-
langes avec le temps que le mélange de référence (perte de maniabilité de 2,4%/min). Pour 
ces raisons, un taux maximal de 40% de CGB en remplacement du sable dans les BMS 
est recommandé. 
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3.5. L'incorporation de CGB dans les BMS diminue les propriétés à l’état durci par rapport 
aux témoins principalement en raison de l'augmentation des vides de compaction causés 
par l’augmentation des forces de friction internes rendant la compacité maximale difficile 
à obtenir.  
3.6. Le remplacement du sable par des CGB dans les mélanges de BMS n'a pas d'effet signifi-
catif sur la résistivité électrique à 28 jours et l’améliore à 91 jours. Une très faible perméa-
bilité peut être mesurée pour tous les mélanges de béton. De plus, tous les BMS testés 
faits avec des CGB exhibent des valeurs d'absorption à l’eau situées entre 4,0 et 5,4%, ce 
qui est inférieur à la limite maximale imposée par la norme CSA A231.1-06. 
3.7. Tant les CVB que les CGB lorsqu'incorporés dans les BMS entraînent une coloration plus 
foncée à l’état durci par rapport aux témoins. 
3.8. La combinaison de 25% de CGB avec 5%, 10%, et 15% de CVB dans des mélanges de 
BMS à rapport E/L de 0,37 permet d’atteindre un indice de compaction de 99% avec un 
travail de compaction inférieur à la limite maximale prescrite de 2,00 kJ/kg. Cependant, 
la résistance à la compression à 28 jours est de 14% à 19% inférieure à la valeur cible pour 
des BMS échantillonnés en laboratoire (60 MPa). 
3.9. Les mélanges de BMS combinant à la fois des CVB et CGB présentent une très faible 
perméabilité et des valeurs d'absorption à l’eau près de 5%, ce qui est inférieur aux exi-
gences de la norme CSA A231.-06 de 6% pour la préfabrication de pierres de pavé en 
béton. 
6.2 Perspectives et recommandations  
Ces travaux de recherche présentent un débouché potentiel à la valorisation des cendres volantes 
et grossières de biomasse issues de l’industrie des pâtes et papiers dans les bétons secs comme 
ajout cimentaire ou granulats fins. Cette approche peut offrir une contribution significative pour 
la réduction des émissions de gaz à effet de serre associés à la production de ce type de béton et 
dans les gestions des matières résiduelles de l’industrie des pâtes et papiers. En effet, la fabrica-
tion de béton utilisant une quantité inférieure de ciment et de granulats naturels, tout en répon-
dant aux exigences pratiques est un avantage majeur au niveau des impacts environnementaux. 
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Afin de parachever les travaux de valorisation des cendres volantes et grossières de biomasse 
dans les bétons secs, quelques pistes futures sont suggérées : 
1. La validation en chantier des mélanges de BCR optimisés en laboratoire s’est conclut 
avec des résultats mitigés notamment en raison des basses températures ambiantes at-
teintes durant les jours suivant la coulée. Il serait donc intéressant d’étudier l’effet de la 
température de cure sur le développement des propriétés mécaniques et de durabilité des 
BCR en laboratoire afin de valider ces observations. 
2. La quantité importante de soufre présente dans les CVB (7,8%) produit de l’ettringite 
différée lors de son hydratation avec les produits de réaction du ciment, ce qui entraîne 
un gonflement du béton et des réductions des performances mécaniques. Ce soufre pro-
vient majoritairement des combustibles utilisés à l’usine de cogénération. Il serait inté-
ressant d’étudier la provenance des combustibles de soufre et de limiter leur utilisation 
afin de réduire la teneur en dessous de 5%. 
3. L’hydratation rapide de la chaux libre (CaO) en présence dans les CVB engendre des 
pertes de maniabilité et des cristaux poreux affaiblissant légèrement les performances 
mécaniques des bétons et leur durabilité. Des travaux menés à l’Université de Sher-
brooke ont démontré que la préhydratation des CVB permet de réduire cette quantité de 
chaux libre. Il serait donc intéressant d’étudier l’effet de la préhydratation des CVB sur 
les propriétés des bétons secs. 
4. Une validation en usine des formulations de BMS optimales incorporant des CVB et 
CGB mises à jour en laboratoire pourrait confirmer leur potentiel d’utilisation dans ce 
type de béton. Cette étude est d’autant plus importante puisque le malaxage, la méthode 
de mise en place (compaction/vibration) et de cure y sont différents comparativement au 
laboratoire de l’Université de Sherbrooke. De plus, une étude approfondie visant certains 
paramètres de durabilité, comme la résistance aux cycles de gel-dégel, à l’écaillage ou 
l’efflorescence serait également pertinente.  
5. Par ailleurs, il serait intéressant d’établir une relation entre les méthodes d’échantillon-
nage conventionnelles de BCR et BCP en laboratoire et l’appareil de « Intensive Com-
pactor Test (ICT) » afin de réduire la variation subjective du point de saturation, associé 
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à une compacité maximale. L’obtention de ce point est primordiale dans le développe-
ment de bonnes performances mécaniques. Or, ce point est difficilement mesurable lors 
de la compaction des échantillons de BCR en laboratoire et son interprétation dépend de 
l’utilisateur. L’appareil ICT permettrait de mesure quantitativement la compacité de cha-
cun des mélanges et ainsi réduire cette variabilité.  
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